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I. SUMMARY 


The goals of this effort was to define the required technology to provide a 
30X reduction In mission fuel burned, to reduce direct operating cost by at 
least 10%, and to provide Increased reliability and durability of the gas tur- 
bine propulsion system. The baseline established to evaluate the year 2000 
technology base was an eight passenger commercial tilt-rotor aircraft, cur- 
rently in the preliminary design phase, powered by a current state-of-the-art 
technology gas turbine engine. 

Three basic engine cycles were studied: the simple cycle engine, a waste heat 

recovery cycle, and a wave rotor cycle. For the simple cycle, two general ar- 
rangements were considered: the traditional concentric spool arrangement and 

a nonconcentri c spool arrangement. Both regenerative and recuperative cycles 
were studied for the waste heat recovery cycle. 

An extensive cycle optimization procedure was performed for each configuration 
studied, using relative direct operating cost as the figure of merit. This 
procedure allowed for selection of the proper design maximum cycle temperature 
and cycle pressure ratio. Nonconcentri c, recuperative, and regenerative en- 
gines were evaluated for a typical tilt-rotor design flight. mission. Results 
showed that all three engines met the goal of at least 30% reduction in fuel 
burned relative to the baseline engine for the commercial tilt-rotor aircraft 
mission. The nonconcentri c engine provided the greatest, reduction in direct 
operating cost (DOC) with a 16.5% improvement. 

■ *- Five technology areas require research- effort to realize the full potential of 
the nonconcentri c engine concept. for the year 2000. In order of decreasing 
benefit relative to DOC reduction, the areas are ceramics, turbines, compres- 
sors, combustors, and bearings. In addition. Improvements in computational 
fluid mechanics are essential to properly analyze the flow characteristics in 
small gas turbine components. 
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II. INTRODUCTION 


Small gas turbine engines are used In a vide 'variety of applications, 
cess of the next generation of small gas turbine engines In meeting these va 
ous operational requirements will depend on development and appllcatlon of new 
technology. This technology will provide a significant reduction In total c 
of ownership by reducing fuel burned. Initial acquisition cost, and maintenance 
costs. For example, fuel cost for small helicopter aircraft can represent 
much as one half of the engine cost of ownership. 

Small engine components do not achieve the same level of operational efficiency 
as those in larger engines, resulting In higher fuel consumption. Fuel con- 
sumption and specific power can be Improved by Increasing overal pressure 
ratio, turbine Inlet temperature, and the level of component performance. As 
pressure ratio and turbine inlet temperature Increase, sealing and coo mg 
problems create additional parasitic losses that erode the fundamental eye e 
advantage. This Is particularly true for small gas turbine engines w ere 
effects make sealing and cooling more difficult. 

Hlth the threat of Increasing foreign competition In the small gas turbine en- 
gine market, particularly for the 1000 horsepower class and below, 
research and technology programs are needed to assure continued U.S. Industry 
competitiveness. For these reasons Allison Is supportive of NASA's Small En- 
gine Component Technology (SECT) program. - 

The SECT, study was sponsored by the NASA Lewis Research Center and U. S. Army 

Aviation Research and Technology Activity-Propulsion Directorate. ' 

The objectives of the SECT study were: (1) to identify the high payoff tech- 

nologies for the year 2000 small gas turbine engine and (2) to prov e ^ 
nology plan for guiding future research and technology efforts. p 

prlvide the advanced technology base needed to ensure the technical advantage 
Of U.S. manufacturers in the future small engine market. 
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The work performed during the study contract was divided into four basic tasks, 
as follows: 


Task I: 
Task II: 
Task III: 

Task IV: 


Select mission evaluation procedures and assumptions 
Evaluate engine configurations and cycles 

Conduct an engine/aircraft mission analysis to determine figures 
of merit to rank technology needs 

Prepare a plan to guide research and technology verification, com- 
"ponent j and systems Tesearch, -and -techno-logy -programs 


Allison is interested in all baseline applications (rotorcraft, commuter, aux- 
iliary power unit (APU), and cruise missile). However, a more productive pro-- 
gram would result from studying a single application In great depth rather than 
several applications in lesser depth. The rotorcraft application, specifically 
the commercial tilt-rotor application, using a high-performance, high power/ 
weight turboshaft engine was selected for this study. Direct operating cost 

(DOC) was used as the overall figure of merit. This report presents the results 
of this study. 





III. TASK I. SELECTION OF EVALUATION PROCEDURES AND ASSUMPTIONS 

The evaluation procedures and assumptions used in the Small Engine Components 
Technology (SECT) study are briefly described along with supporting information 
concerning the source or applicable background justification where appropriate. 
Major topics to be presented are*. 

o aircraft/mission requirements 
o reference tilt-rotor aircraft characteristics 
o direct operating cost model 

o baseline engine description and scaling equations 
o baseline engine mission results and trade factors 
o environmental constraints 

The SECT cycle selection and engine configuration evaluation required the defi- 
nition of mission requirements, a reference aircraft, engine characteristics, 
and an economic model for use in obtaining cost comparisons. These items were 
integrated into the mission analysis computer program. Program input, major 
calculation routines, and output parameters for this program are generalized 
in the block diagram shown in Figure 1.* Mission requirements, along with air- 
frame and engine characteristics, are used in the engine/airframe sizing or 
scaling routines to determine the engine/airframe size combination that will 
meet fixed mission requirements, i.e., "robber engine/rubber aircraft" ap- 
proach. The resultant sized aircraft along with mission fuel , distance, and 
time data, plus input economic criteria, . are then used in the cost model to 
obtain direct operating cost (DOC) data. Total engine/aircraft DOC was the 
selected figure of merit for -the SECT study. 

AIRCRAFT/MISSION REQUIREMENTS - 

The advanced helicopter system selected for the SECT studies was based on a 
tilt-rotor concept developed by Bell Helicopter. Textron, Inc. This concept 
combines the best features of the helicopter and turboprop aircraft, i.e., 
helicopter takeoff and landing, safety and convenience, plus the advantages of 


* Figures can be -found at the end of this report. 
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turboprop cruise speed, low noise, and vibration. All of these qualities are 

necessary to obtain favorable market projections for year 2000 rotorcraft ap- 
plications. 


The tilt rotor mission requirements selected for this study effort are listed 
below: 


o payload 
o range 

o cruise speed 
o cruise altitude 


eight passenger at 90.7 kg (200 lb) each 
648 km (350 nautical miles [nml]) 

250 knots true air speed (KTAS) 

6096 m (20,000 ft) 


The goal was to establish a "generic" twin engine tilt-rotor aircraft In the 
4536 kg (10,000 lb) gross weight class that would be In concert with the NASA 
specified engine maximum power limit of 1000 shaft horsepower (shp). This 
vehicle class provides a spectrum of possible mission applications including 
corporate/executive, off-shore oil support, and medical evacuation. The Alli- 
son market projection for this class tilt- rotor 1$ 1000 to 1200 aircraft over 
a ten year period. This figure Is slightly higher than a Bell projection of 
750 to 900 aircraft over a similar ten year period. Using 1000 aircraft as an 
approximate average and assuming one spare engine per aircraft provides a pro- 
jected engine market of 3000 units. 

The design mission profile shown In Figure 2 Is consistent with air traffic 
control procedures, .aircraft capability, and. reserve definition sufficient for 
a rotorcraft transport concept. The operating scenario presumes that the se- 
lected tilt-rotor aircraft will be flown .In the design mission during t'he ma- 
jority of Its use. The revenue mission and design mission are assumed to be 
identical. The engi he/aircraft sizing criteria used In this study were se- 
lected to provide hover, one-englne-inoperatlve rate of climb, and cruise rate 
of climb capabilities sufficient to meet selected design operating requirements 
and to provide adequate margins of safety In the event of -engine failure. 

These selected candidate sizing conditions/requirements are detailed in Table I 
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TABLE I. 

engine/aircraft sizing requirements 


engine/aircraft 
siting CONDITION 

HOVER- OUT OF 
GROUND EFFECT 
OEI (2) RATE OF 
CLIMB 

CRUISE CEILING 
RATE OF CLIMB 


RATE OF 

CUMB— AIRCRAFT 
M/MIN(FPM) WEIGHT, 


0 ( 0 ) 

46(150) 

91(300) 


DESIGN 

TOGW 

DESIGN 

TOGW 

INITIAL 

CRUISE 

WEIGHT 


ENGINE POWER 
SETTING 

intermediate 
POWER (AEO) 
30 MINUTE 
POWER (OEI) 
MAXIMUM 
CONTINUOUS 
POWER (AEO) 


ALTITUDE VELOCITY 
M/(FT) XT AS 

•10 (2000) (1) 0 

305(1000) 75 

6096(20,000) 250 


DEGREE 

DAY 

ISA + 10*C 
ISA + 20°C 
ISA 


= g} C U A^“n M Y°R^ 


NOTES 


TOGW— TAKEOFF GROSS WEIGHT 


REFERENCE TILT-ROTOR AIRCRAFT CHARACTERISTICS 


vn+ho <FfT study effort U an eight passenger 

The vehicle selected for use General characteristics 

corporate/executive tilt-rotor aircraft eonfigur ‘ 1 Bell „ eU cop- 

for this vehicle were provided to A. -nGa J , s shown in .. 

, ■ T _ _ a thrpe view drawing of tn6 reT^ 

Mry of aircraft design parameters s . . . ■ ^ ^ nacelle nyout 

" v «ht ’ S rn i nL : the turboshaft engine placement with- 

proposed for this vehic an 1 concep t .the engine suppliespower to an 

the t1U - r0t0r " ace ” e - ‘ t t t can pivot about, the conversion axis shown 

angle gearbox/rotor arrangement tha P interconnect driveshaft 

Figure 5. The engine can also supply power ^^"Ix located.in 
that couples the two propulsion pac ag hift norma „ y unloaded 

the fuselage- wing carr y -through area. ent 0 f single 

and serves to synchronize thrust and rpm. However, in 
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TABLE II. . 

REFERENCE AIRCRAFT PARAMETERS 


TOGW 

FUSELAGE 

DIAMETER 

LENGTH 

ROTOR 

NUMBER OF BLADES 
'DIAMETER 
DISK LOADING 

ROTOR BLADES 

BLADE TIP SPEED (HOVER) 
BLADE TIP SPEED (CRUISE) 
MEAN BLADE CHORD 
BLADE LOADING COEF 

WING 

SW (REFERENCE WING AREA) 
W/SW (WING LOADING) 
ASPECT RATIO 
SWEEP <§> L.E. 

AVG THICKNESS RATIO 
TAPER RATIO 


4772 kg (10,520 LB) 

1.6 m (5.4 FT) 

9.9 m (32.5 FT) 

3 

•7i06m(23.17 FT) 

60.93 kg/m* (12.48 LB/FT*) 


13,717 M/MIN (750 FPS) 
11,120 M/MIN (606 FPS) 
0.36 m (1.17 FT) 

0.1935 


40.9 m* (134.2 FT*) 

382.7 kg/m* (78.4 LB/FT*) 
8 

-8* (SWEPT FWD) 
24% 

1.00 


engine operation, this system transfers power To maintain continued safe opera- 
tion of both rotors. •- - 

Reference tilt-rotor (helicopter mode) hover power requirements are shown in 
Figure 6. Cruise power requirements (airplane mode) for 3048 m (10,000 ft) 
and 6096 m (20,000 ft) are shown in Figures 7 and 8. 

DIRECT OPERATING COST MODEL 

Operating costs fall into two categories: direct cost and indirect cost. In- 

direct costs are basically dependent on the particular service the operator is 
offering, but the indirect costs -may also be dependent on the airplane's char- 
acteristics. The figure of merit to assess the relative benefit of gas turbine 
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TABLE HI. 

SECT REFERENCE AIRCRAFT WEIGHT BREAKDOWN 




kilograms 

(POUNDS) 

WEIGHT FRACTK >N-% 
(WT/TOGW-%) 

'pNCUuDefn(nononou p ano drive system) 


1199 (2643) 

25.1 

►STRUCTURES GROUP 


1100 (2425) 

23.1 

•FIXED EQUIPMENT 


1046(2305) 

21.9 

MFC EMPTY WEIGHT 


3344(7373) 

70.1 

•USEFUL LOAD 


225 (497) 

4.7 

OPERATING EMPTY WEIGHT 


3570 (7670) 

74.8 

•PAYLOAD 


726(1600) 

15.2 

ZERO FUEL WEIGHT 


4296 (9470) 

90.0 

•FUEL (USABLE) 

- 

476 (1050) 

10.0 

TOGW 


4772 (10,520) 

100.0 
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technologies will be based on direct opening cost which '"C.lbdes FAlntenence 
burden for this . study. These costs are calculated as a. cost per airplane 
tlcal mile <c m >: however, they can Re converted i as follows. 


cost/seat nmi - C am + number of passenger seats 
cost/bi ock hr - C am x V b 
cost/flight hr - C am x V b x t^/t^ 


where: 

t. - block time~hr 
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t f - flight time— hr « (T. - T ) 

1 D gm 

V b - block speed— knots 

For the computation of block speed, the following formula based on a zero wind 
component was used: 


D/(T gn, * T v * T d 


+ T cr> 


where: 


D ■ mission range or stage length in nautical miles 
T gm “ 9 round maneuver time in hr (Includes engine start and warm-up 
plus engine shutdown allowances) 

T y - vertical takeoff and landing time— hr 

T cl “ time to climb from 762 m (2500 ft) to cruise altitude — hr 

T cr - time at cruise altitude and velocity— hr 

Block fuel was computed from the following formula: 

F b - V *■ F v * F c.l ♦ F cr 

where: 

F b - block fuel— lb 

^gm * around maneuver fuel (fuel required for 'engine start and warm-up 
plus engine shutdown)— lb 

F v " fuel required for vertical takeoff and landing allowances— lb 
F cl - fuel to climb to cruise altitude— lb. • 

F cr - fuel consumed at cruise altitude and velocity— lb 

The direct operating cost model used in the SECT study was based on 1967 Air- 
line Transport Association (ATA) methodology. The cost methodologies and eco- 
nomic "ground rules" used in the SECT model are summarized in Table IV. The 
fuel cost used to obtain engine trade factors (take off gross weight CTOGW] 
-and DOC sensitivity to changes in engine characteristics) during the Task I 
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TABLE IV. 

DIRECT OPERATING COST MODEL (1985 ECONOMIC YEAR) 



1967 ATA METHODOLOGY 


1967 ATA EQUATION FORMAT WITH 
UPDATED CORRELATION FACTORS 


BELL HELICOPTER— EQUATION FORMAT 
GATE HELICOPTER WITH UPDATED 
CORRELATION FACTORS 


GROUND RULES 

•ECONOMIC BASE YEAR 
•FUEL COST 
•OIL COST 
•INSURANCE RATE 
•DEPRECIATION SCHEDULE 
•SPARES 

•UTILIZATION RATE 
•MAINTENANCE BURDEN 
•LABOR RATE 


1985 

0.26 $/l (0.53 $1) (1 .00 S/GAL [2.00 $/G AL]) 
6.24/SI (S24/GAL) 

12% OF ACQ COST PER YEAR 
7 YEARS TO 25% RESIDUAL VALUE 
AIRFRAME-1 0% AIRFRAME ACQ COST 
ENGINE— 15% ENGINE ACQ COST 
1000 HR/YR (2000 HR/YR) 


150% 

S15.00PER .MAINTENANCE MANHOURS 


me-OT7 


study effort was $0.39/1 C$1 -50/gal l^ln. 1985 dollars, 
system performance evaluations were completed using $0 
$0.53/1 ($2. 00/gal.) fuel cost levels. . ' ■ 


However, the Task III 
26/1 ($ 1 .00/gal .) and 


■nqine Acquisition Cost 

iriglnal equipment manufacturer (OEM) costs for the turboshaft study *"9'"** 
i er e developed using Allison material Index factor methods applied to com t 
inished weights. These costs were determined for the unity s 1» > 0 

,hp at sea level static standard day tSLSS] . intermediate rated powe 
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and scaled to the horsepower (hp) size necessary to meet the engine/aircraft 
size combination required for the design mission. 


OEM cost 


(-$-) 

Shp s 


x shpj 


where: 


JL 

shp 


(— $-) 
5hPy 


X 


shp s 

ShPy 


-0.0125 


shp - SLS, standard day, IRP horsepower 
S - scaled engine size 
U - unity engine size 


Engine acquisition cost was obtained from the following relationship: 
Engine acquisition cost - OEM cost x 1.5 


Aircraft Acquisition Cost 


The aircraft less engine acquisition cost for the scaled aircraft/engine com- 
bination was obtained from Bell Helicopter for the reference vehicle. The cost 
per pound for reference vehicle is: 

aircraft cost - engine, cost ««o/ nnimH 
mfg empty wt - engine weight" 5362/poirnd 

Therefore: . ‘ . 

Aircraft cost CA/C) less eng acq cost,- (mfg.empty wt - engine wt) x $362/pound 

Engine Direct Maintenance Cost 

The ATA maintenance labor equations, which are functions of engine shaft power, 

required adjustment to obtain correlation with Allison maintenance labor esti- 

mates (manhours per flight hr). The adjustment factor was introduced to pro- 
vide the influence of engine configuration differences, i.e., complexity, parts 
count, and component accessibility features on engine teardown time require- 
ments. The ATA maintenance material equations, which are functions of engine 
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OEM cost provided good correlation with Allison maintenance material cost es- 
tates (dollars per flight hr). Therefore, no adjustments -ere applied 

this set of equations. 

Aircraft Less Engine Direct Ma intenance Cost 

The aircraft less engine £ Mil 'sll dlriX 1«A- 

IZu sponsored^ Ad vanced^General Aviation Turbine Engine (GATE) etudles^com-^ 
Dieted In 1979 These equations were developed by Bell for use n p 
convent! onal ? si ngl e rotor helicopter labor and material costs based on rnanu ac 
turers empty weight less engine weight. An adjustment to these equatio s 
required to obtain correlation with the maintenance cost level estimate * 
Ben fir the reference tilt-rotor aircraft used In the SECT study. Th ad- 
justment or bump factor was necessary to account for the added complexity 
tnt rotor , e twin rotor/gearbox/engine propulsion packages plus th 

interconnect dilve system, and to Incorporate the effects of Inflation from 
the 1978 to 1985 time period. 

baseline engine description and scaling equations 


Engine Description 

The baseline engine is derived from a current technology engine • « CT 

baseline engine Is a two-spool, front-drive, centerline-concentric, free 
turbine. 1000 shp turboshaft engine.. It Is designed as a primary propulsion 
unit for advanced rotorcraft applications. ... 

The gas generator spool Is comprised of a two-stage centrifugal-flow compressor 
made of 6-4 titanium having' an overall uressure ratio of 14:1 and driven by a 

two-stage, axial -flow turbine. 

The first and second-stage turbine vanes are made of MAR-M509, the ^ irst ' st ^ 
trades are made of MAR - all a.air cooled^ 

EMS-M500 .ThdTn^i ntegral t el Ictromechani cal phase displacement type torque 
sensor. The power turbine airfoils are not cooled. 
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The engine has an annular fold-back combustor having a Lamllloy® transpira- 
tion-cooled liner and Is made of INCO 718. It contains 16 alrblast fuel noz- 
zles. Fuel is mixed with air and burned in the combustor to 'bring the tempera- 
ture of the fuel /air mixture (RIT) to 1204°C (2200*F). 

The control system for this engine uses a full -authority, digital electronic 
control and a unitized fuel handling system. Self-contained electrical power 
is supplied by a high-speed permanent magnet generator that provides electrical 
power for Ignition and electronic central functions. 

An engine accessory gearbox Is mounted on top of the engine and provides drive 
pads for the engine fuel pump, permanent magnet generator, hydraulic pump, and 
starter/generator system. The accessory gearbox also incorporates the self- 
contained engine lubrication system Including the oil filter, cooler, pump, 
and pressure regulating system. 

Figure 9 shows the general arrangement details for this engine with front and 
side views along with major engine envelope dimensions. It also shows an inlet 
air particle separator that was removed for the subject tilt-rotor installation 
(this unit Is airframe-mounted equipment). 

Basic information regarding the baseline engine Is listed In Table V. The 
OEM’s cost of $219,100 was used In Task I to develop engine/aircraft sensitiv- 
ity curves or trade factors. However, this OEM cost was reevaluated during 
the Task III study efforts and adjusted to. the cost indicated in Table V. 
Standard day performance plus engine cycle data summaries are . listed in Table 
VI for SLSS, for IRP, .and at 6096 m (20,000 ft) /250 KTAS, maximum cruise power 
conditions. ' . 

Study Engine Installation and Scaling 

Installation assumptions used for the turboshaft study engines are as follows: 

o Inlet recovery (PT2/PT0) - 1.00 

o aircraft bleed air requirements ■ 0,0 

"*Lam111oy is a registered trademark of the General Motors Corporation. 
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baseline 


table v. . , 

ENGINE (PD452-1) BASIC INFORMATION 


POWER 


AIRFLOW 

WEIGHT 


OEM COSTS 
(1985 DOLLARS) 


INLET TEMPERATURE) 

2.58 kg/SEC) (5-69 l LB/SEC) 

(POW 7 EFLWEIGHT RATIO = 3- 9:1 ) 


' rpISotfcTON r\tI 0 E F°M ^ 


TE86-4878 


o airc 


raft power extraction 


. included in the tilt-rotor pov-er polars 
(Aircraft accessories are mounted 
in the center gearbox assembly located 

In the fuselage "'"9 carry through.) 

-• “•'tz ssrrin 

sepower (shp) at SLSS, W) study engines^ * « nccess ary t0 neet 

these -- — ** 

;1gn mission requirements. . ine eng 

jdy are: • ' . . ’ / ' .. ... - 


DHaighi 


shp c EXP 


W S " W U x shpy 


where: - 


-* scaled engine size 
- unity engine size 


S 

U 


ORIGINAL PAGE IS 
OF POOR quality; 


TABLE VI. 

BASELINE ENGINE PERFORMANCE SUMMARY 


SHP 

SFC kg/HR-HP (LB/HR-HP) 

RIT,X(°F) 

COMPRESSOR INLET CORRECTED FLOW 
WVe/6 kg/SEC (LB/SEC) 

- COMPRESSOR PRESSURE RATIO, R c 
COMPRESSOR ADIABATIC EFFICIENCY, t, c 
GASIFIER TURBINE EFFICIENCY, tjr 
POWER TURBINE EFFICIENCY, 

CHARGEABLE TURBINE COOLING, % OF 
COMPRESSOR INLET FLOW 

LEAKAGE, % OF COMPRESSOR INLET FLOW 
COMBUSTOR EFRCIENCY, i) B 
COMBUSTOR A P/P 

COMPRESSOR EXIT CORRECTED FLOW, 

W Ve/8, kg/SEC (LB/SEC) 

GASIFIER TURBINE INLET CORRECTED FLOW 
W Vet/8, kg/SEC (LB/SEC) 

POWER TURBINE INLET CORRECTED FLOW, 
W Vet/ 5 , kg/SEC (LB/SEC) 

GASIFIER TURBINE GJAh/U m 2 
POWER TURBINE GJAH/U m 2 
LPRPM 
HPRPM 


SLSS/IRP 

2010*250 KTAS/ 
CRUISE 

1000 

580 

0.204 (0.450) 

0.187 (0.412) 

1204 (2200) 

1116 (2040) 

2.58 (5.69) 

2.69 (5.92) 

44:1 

143:1 

78.4% 

77.3% 

85.7% 

85.7% 

88.5% 

88.6% 

4.8% 

4.8% 

1.17% 

1.17% 

99% 

99% 

3.0% 

3.0% 

0.26(0.57) 

0.26 (.57) 

0.43 (0.94) 

.43 (0.94) 

1.54 (3.4) 

1.59 (3.5) 

1.21 

1.21 

1.66 

1.66 

29277 

29277 

48450 

47123 
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EXP - 1.05 if shp^/shp u > 1.0 
EXP - 0.96 if shp^/shpjj < uo 


2)Dimensions (linear) 


3)Dimensions (diameters) 


shp^ 0.4 
U 

4)$pecific fuel consumption (SFC) 


L S ■ l U x shp. 


D s - °U * shp, 


shp c 0.5 


U 


SFC S - SFCjj x adjustment factor (see Table VII) 
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adjustment factor for sfc scalIng vs. engine scale factor 


engine scale factor 

(SHga/SHP 


1.1 

1.0 

0.9 

.0.8 


adjustment factor 


baseline engine 

0.994 

1.000 

1.008 

1.017 




0.993 

1.000 

1.009 

1.019 
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BASELINE ENGINE MISSION RESULTS AND TRADE FACTORS 

n+oH haseline engine/reference tilt- 

Results from "flyW the previously Program are shove in 

rotor aircraft in the Mlison- Rusio fr0 m the subject 

Table VIII. This table summarize design mission require- 

engi ne/ai rc.raft combination scaled to me ® rotor diameter are pro- 

ments . Design TOGH. engine horsepower « » ^ for „ ch candidate 

Vided in Table VIII. Rate of dim ^ arc the required rate of climb levels. . 
sizing condition. Shown ™ *»«»«£ $ ^ M „ c the g,. 44 m/mtn (300 rpm) 

The critical engine sizing condi , cruiseceilingrequire- 

rate of climb at cruise altitude and velocity, i.e.. 

ment . - 

v fnr' the- PD452-1 powered tilt-rotor aircraft are 
.Resultant power loading values^ iimoter levels in Table IX for both all 

^^essesxffSA .«> —■ 

-r ssr - ■-* 
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TABLE VIII. 

MISSION RESULTS (PD452-1 POWERED TILT-ROTOR) 


FUEL COST = $0.39/1 
UTILIZATION = 1000 HRS YR 


TOGW 

SHP/ENGINE @ IRP SLSS 
ROTOR DIAMETER 

HOVER R OF C CAPABILITY 
@ 2000 FT/0 KTAS/ISA + 10*C IRP-AEO 


OEI R OF C CAPABILITY 
@ 1000 FT/75 KTAS/ISA + 20°C 
30 MIN POWER -OEI 


CRUISE R OF C CAPABILITY 
@ 20,000 FT/250 KTAS/ISA 
MAX. CONTINUOUS POWER 


TOTAL FUEL (MISSION + RESERVES) 
BLOCK FUEL 

TOTAL AIRCRAFT ACQ COST 
ENGINE ACQ COST (ONE) 

DOC 


4559 kg (10,050 LB) 

1010 HP 
6.9 m (22.6 FT) 

341 M/MIN (1120FPM) 

(0 M/MIN [0FPM] REQUIRED) 

131 M/MIN (430 FPM) 

(45.7 M/MIN [150FPM] REQUIRED) 


91 M/MIN (300 FPM) 
(ENGINE SIZING PT) 


501 kg (1104 LB) 

347 kg (784 LB) 

$2.96 MILLION 
$331,700 

1208$/BLKHR 1 E86- 4881 


TABLE IX. . 

POWER LOADING COMPARISON (SEA LEVEL STATIC, STANDARD DAY CONDITIONS) 


AIRCRAFT 
ENGINE NO. ' 

TOGW, KG (LB) 

SHP/ENGINE AT iRP, SLSS -* 

POWER LOADING = SHP TOTAL/TOGW 
APL (AEO CONDITION) 

SHP AT OEI (30 MIN) POWER, SLSS 
POWER LOADING = SHP TOTAL/TOGW 
APL (OEI CONDITION) 


876 

25Q-C30 (2) 
4672 (10,300) 
650 
0.126 
(BASE) 
650 
0.063 
(BASE) 


TILT-ROTOR 
PD452-1 (2) 

4559 (10,050) 
1010 
0.201 
.(+60%) 

1010 

0.100 

(+60%) 


TE86-4882 


P °OH quality 
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Table VIII also Includes total fuel (design fuel tankage capacity) and block 
fuel (mission fuel burned) data along with cost data from the DOC model. 


A component or group weight breakdown Is shown In Table X for the scaled 
PD452-1 /tilt-rotor aircraft combination. The total base engine weight of 234 
kg (515 lb) Included In the propulsion group represents only 51 of the air- 
craft TOGW and fuel weight of 501 kg (1104 lb) represents only 11X of the air 

craft TOGW. 


Mission fuel usage data Is shown In Table XI on a per mission phase basis and 
on an engine power setting basis. These data Indicate the cruise plus reserves 
(45 minutes of continued cruise) at an 'approximate maximum continuous power 
setting level to be the largest full usage- requirement (433 kg [955 lb] or 87. 

of the total fuel). 


A breakdown of the six direct operating cost elements Is shown In Table XII 
with respect to aircraft and engine costs. These data Indicate aircraft asso 
dated insurance and depreciation to be the two largest cost Items and that 
only 31X of the total DOC can be associated with or Influenced by engine char 

acteri sties. 


TABLE X. 

AIRCRAFT WEIGHT BREAKDOWN (PD452-1 POWERED TILT-ROTOR) 


PROPULSION GROUP (INCLUDES ROTOR GROUP 
AND DRIVE SYSTEM) 

STRUCTURES GROUP 
FIXED EQUIPMENT 
MFG EMPTY WEIGHT 
USEFUL LOAD 

OPERATING EMPTY WEIGHT. 

PAYLOAD 

ZERO FUEL WEIGHT 
FUEL (USABLE) 

TOGW 


KG (LB) WEIGHT FRACTION— % 

tt40 (2513) 25.0 

1007 (2221) . 22.1 

962 (2121) 21.1 . 

3109(6855) 58.2 

223 (492) 

3345 (7374) 73.1 

726 (1600) 1S.9_ 

4058 (8947) 5®-° 

501 (1104) HSL 

4559 (10,051) i0° °- 


TE86-4883 
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TABLE XI. 

MISSION FUEL BREAKDOWN (PD452-1 POWERED TILT-ROTOR) 


MISSION PHASE BASIS 

kg(LB) 

% 

START AND WARM-UP ALLOWANCE 

0.9 (2) 


T.O. AND TRANSITION ALLOWANCE 

14 (32) 

3 

CUMB @ 180 KEAS 

51 (113) 

10 

CRUISE @ 20K/250 KTAS 

267 (588) 

53 

TRANSITION AND LAND ALLOWANCE 

12 (27) 

3 

■’SHUT -DOWN ALLOWANCE 

0.9 (2) 

— 

RESERVE (45 MIN) 

154 (340) 

31 

TOTAL 

501 (1104) 

100% 

ENGINE POWER SETTING BASIS 

INTERMEDIATE RATED POWER 

66 (145) 

13 

~ MAX CONTINUOUS POWER 

433 (955) 

87 

GROUND IDLE POWER 

18 (4) 


TOTAL 

501 (1104) 

100% 


TEM-4M4 


Using the baseline engine powered tilt-rotor aircraft as the baseline, the ef- 
fect of delta changes in the fol lowing engine characteristics on both TOGW and 
DOC was obtained: 

o engine specific fuel consumption (SFC) . 
o engine weight CRT) 
o maximum engine envelope length (LE) 

omaximUm engine envelope height (ME) 
o engine OEM cost ($/shp) 

The results from the. subject calculations are presented in the TOGW sensitivity 
curves shown in Figure 10 and the DOC sensitivity curves shown in Figure 11. 
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TABLE XII. 

DOC BREAKDOWN — $/BLK HR (PD452-1 


POWERED TILT-ROTOR) 


FUEL AND OIL 
INSURANCE 
AIRCRAFT MAI NT 
ENGINE MAINT 
DEPRECIATION 
FLIGHT CREW 
TOTALS 


FUEL COST = $0.39/1— $1- 50/GALLON 
UTILIZATION = 1000 HR/YR 


AIRCRAFT 

'275 (23%) 
230 (19%) 

270 (22%) 
63 (5%) 
838 
(69%) 


ENGINE 

TOTAL 

A/C + ENGINE 

117 (10%) 

117 

■80 (7%) 

355 



230 

91 (8%) 

91 

82 (7%) 

352 


63 

370 

^ 1208 

(31%) 

(100%) 


1X66-4885 



ENVIRONMENTAL CONSTRAINTS 


Emissions Control Requirements 


There are no regulations to control exhaust emissions from small aircraft gas 
turbines. Including rotorcraft engines, and none are expected In the near u 
tore. However, the International Civil Aviation Organization recommends the 
control of fuel venting from all turbines regardless of size or application. 

The likelihood of future emissions regulations depends on the following fac 
tors: 


o environmental politics— particularly aircraft related i 
o size and growth of the source— size of rotorcraft fleet 
o level of emissions control technology applied by engine manufacture 
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Of the three factors stated, only the level of emissions control technology 
can be directly Influenced by the engine designs. It is Important to design 
to the highest control levels economically practical since it is less likely 
that emissions control regulations will be promulgated for engines that include 
these designs. The next step in emission reduction becomes extremely expen- 
sive, and the cost of control, in terms of dollars per ton of pollutants re- 
moved, becomes much greater than that required to control other sources of pol- 
lution, .In addition, .an aircraft system that does iiot issue odors or visible 
smoke does not Invite criticism and political action. 

Allison has developed a high level of cost effective emissions control technol- 
ogy that was used In the combustion system design of the SECT engines. This 
technology was demonstrated on the Model 280-C1 engine that was derived from 
the GMA500/advanced technology demonstrator engine (ATDE) program. The emis- 
sions control techniques used were: 

o prechamber combustor 
o optimized primary zone 

o Lamilloy construction (transpiration cooling) 
o air blast fuel nozzles 

The emissions goals established for the SECT program are: fuel venting emis- 

sions (none allowed), smoke (not to exceed SN - 40), and gaseous emissions. 

They are based on emissions testing of an engine that contained the control 
techniques previously stated. Table XIII gives the maximum gaseous emissions 
allowable as a function of engine power setting. 

The units of gaseous pollutants emissions index (g/kg fuel) were chosen to be 
compatible with combustor component and gas generator operational parameters. 
These units are more Independent of the final engine cycle than units expressed 
in specific emissions, l.e., g/ kw hf , or g/ fcN of thrust. 

Noise 


Noise constraints for gas turbine powered rotorcraft occur at two levels, regu- 
latory and public acceptance. The regulatory constraints contained in Federal 
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TABLE XIII. 

MAXIMUM GASEOUS EMISSIONS ALLOWABLE 


ENGINE POWER SETTING 

MAXIMUM 
INTERMEDIATE 
MAXIMUM CONTINUOUS 
*75% MAXIMUM CONTINUOUS 
25% MAXIMUM CONTINUOUS 
IDLE 


ftARFOUS EMISSIONS, q/kg FUEL 


HYDROCARBONS 

CARBON 

MONOXIDE 

nitrogen 

OXIDES 

0.44 

0.90 

18.70 

0.46 

0.96 

17.60 

0.47 

1.10 

15.80 

0:50 

1.20 

12.6 

0.63 

2.90 

8.40 

7.10 

68.0 

3.70 

TE86- 



Ur Regulation (FAR) Part 36 for rotary wing aircraft are expected to remain 
place in the year 2006 with a small decrement In the -^Ired no se eve ^ 
-ontinulng opposition at the local level to the building of new heliports, ho 
ever results In strong Incentive to produce rotorcraft that are more quiet 
than* required by FAR Part 36. The current NASA, Industry cooperate - orcr 
program should produce the technology required to reduce roto no se. « “ 
studies of helicopters In the current fleet show that the engine contributes 
to the aircraft noise signature and acts as a floor to ’'"” the 3 ainspossi^ 
bv rotor noise reduction. An engine noise reduction, relative to current 
gin. levels. Is required to permit the full use of the technology being deve - 

oped in the NASA/ industry program. 


Based on Allison 
nology embodied 
lower than the s 


test experience, engines using the advanced cycles and tech 
In the SECT program will generate noise signatures that 
ignatures of current engines. 
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IV. TASK II. ENGINE CONFIGURATION AND CYCLE EVALUATION 


The procedures and assumptions identified in Task I were -used to select the 
engine configurations and cycle conditions for Task III. The selection cri- 
teria were chosen to place priority on direct operating cost of the reference 
t^lt-rotor aircraft as opposed to return on investment (ROI) or other economic 
figures of merit. 

Three basic engine cycles were examined during Task II: (1) an advanced simple 
cycle, (2) a waste heat recovery cycle, and (3) a wave rotor cycle. For the 
advanced simple cycle, two types of general arrangements were examined: the 

traditional concentric gas turbine spool arrangement and a nonconcentric spool 
arrangement. For the waste heat recovery cycle, the regenerative and recupera- 
tive approaches were studied. 

GAS TURBINE TECHNOLOGY PROJECTIONS FOR YEAR 2000 

Special problems exist for each engine component by the small size requirement 
of this class of gas turbine engine. The following sections outline technology 
enhancements for the year 2000 for small gas turbine engine that were assumed 
for the cycle optimization study. 

Compressor 

Figure 12 shows the overall compressor polytropic efficiency as a function of 
exit corrected flow for the current state-of-the-art technology as well as that 
projected for the year 2000. Several mechanical and aerodynamic Improvements 
are required jto achieve this level of performance In small compressors, e.g., 
control clearances,, surface roughness, manufacturing tolerance, airfoil con- 
tour, and secondary flow. Table XIV outlines these expected performance im- 
provements for small compressors. 

Turbine 

Figure 13 shows the axial turbine overall total/total adiabatic efficiency as 
a function of inlet equivalent flow rate for both current state-of-the-art 
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TABLE XIV. 


SMALL COMPRESSOR TECHNOLOGY ADVANCEMENTS. 


• IMPROVED MANUFACTURING CAPABILITY 


• IMPROVED ANALYSIS CAPABILITY 

• MULTI -ROW 

• 3-DIMENSIONAL 

• VISCOUS/QUASI-VISCOUS 


• AXIAL COMPRESSOR 


— AIRFOIL CONTOUR 

— SWEEP, TILT, AND LEAN 
OPTIMIZATION 

— END WALL TREATMENT 


• CENTRIFUGAL COMPRESSORS 


— IMPELLER AIRFOIL/PASSAGE 
CONTOUR 

— CLEARANCE LOSS REDUCTION 

— DIFFUSER ENTRANCE REGION 
OPTIMIZATION 

— SECONDARY DIFFUSER 


OPTIMIZATION 


VS85-11Q6 


cechnology as well as that projected for the year 2000. Improvements Mn fabri- 
cation methods, aerodynamic concepts, and analytical Tjb , e xv 

.chleve the projected level of performance In small axial turb ^ ^ t|)e 

outlines these expected turbine technology advancements. 9 

radial turbine performance goals for the Small Engine Component Technology 

(SECT) study. 

All cycle analysis assumed uncooled turbine configurations. TMs 

was necessary, especially In the high pressure turbine. T ^ of 

qulrement of the high pressure (HP) turbine rotor pro 

cooling passages. Therefore ceramics were selected as the matenal 

bines. 
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TABLE XV. 

TURBINE TECHNOLOGY ADVANCEMENTS. 

• ADVANCED MATERIALS/FABRICATION METHODS 

• HIGHER WHEEL SPEEDS/REDUCED STAGE LANDING 

• REDUCED COOLING AIR REQUIREMENTS 

• REDUCED BLOCKAGE/HIGHER ASPECT RATIOS 

• LOWER THICKNESS/CHORD RATIO BLADING 

• UNIFORM BLADING THROATS 

• ‘ADVANCED AERODYNAMIC CONCEPTS 

• ENDWALL BOUNDARY LAYER CONTROL 

• PASSAGE MERIDIONAL CONTOURING 

• LOW REYNOLDS NUMBER BLADING 

• ADVANCED ANALYTICAL MODELS 

• 3-D VANE/BLADE INTERACTION 

• 3-D VISCOUS FLOW ANALYSIS 

• OPTIMIZED AERO/HEAT TRANSFER BLADING 

m il iw 


Combustor 

The key technology advancement required for the combustor Is the achievement 
of a low pattern factor to permit operation at high turbine temperatures for 
Improved cycle efficiency. A goal pattern factor of 0.12, as defined by 
<T MAX -rotor inlet tem P erature <RIT)/(RIT-CDT). has been established for year 
2000 combustor technology. Other goals being addressed Include low smoke and 
Increased durability. - 

Materials 


The main emphasis in materials development for gas turbines Is toward high tem- 
perature capability, low density, low cost fabrication, and Improved corrosion/ 
erosion resistance. For the year 2000, two key materials emerge as the 
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requirement to significantly reduce the direct operating cost of the small gas 
turbine engine becomes important. First ceramic composites In the high pres 
sure turbine rotor and stator will provide the opportunity to run -the engine 
at higher turbine temperatures than engines in service today. A silicon car- 
bide composite will have a 1649*C (3000*F> temperature capability by the year 
2000. Secondly, to accommodate the higher compressor discharge temperatures 
associated with going to much higher cycle pressure ratios, titaniuiyluminide 
(Ti,Al) will be needed for its temperature capability of 816’C <1500 F). 

The additional benefit of TI 3 AI is its low density <501 density reduction 
over superalloys) and ease of fabrication. 

The selection of maximum turbine rotor inlet temperature <RIT) was based on 
the following: 

1 . For the ceramic radial HP turbine rotor, the maximum allowable surface 
temperature was set at 1399°C <2550°F). Based on the ACT 100 uncooled 
ceramic radial turbine heat transfer characteristics, the rate of 

*M HAx' T REL MAX ■ °- 983 - Th 7 f 7 >L MAX ’ ’ 5 ‘ F> ' ' /Rn . 

Based on the SECT radial turbine designs, the ratio of T REL mx ™ 11 

0.927, RIT MAX of 1538°C <2800*F) was obtained. 

2. The combustor pattern factor assumed for the year 2000 technology is 
0.12. For a static structure such as the HP turbine inlet vane, the 
maximum allowable surface temperature was set at 1649 # C <3000°F). For 
the cycle pressure ratios considered, resulting max RIT is 1535°C 

<2793°F) . 

Therefore, maximum RIT of 1538°C <2800*F> was selected. 

Recuperator/Regenerator 

Recent advances in recuperator/regenerator technology make it necessary to re- 
examine the waste heat recovery cycle for the rotorcraft application. In the 
area of recuperator technology, a nitride dispersed stainless steel <NDS) is 
available that has an 982 e C <1800°F) temperature capability. NDS recuperators 
can be fabricated at extremely low cost. Ceramics is another candidate mate- 
rial for recuperators, offering higher temperature capability <1260°C [2300 
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than NDS. It is lighter than NDS but costs more to fabricate. This informa- 
tion was provided by Air Research Manufacturing Company, Torrance, California. 
They also provided a recuperator parametric study necessary to conduct the re- 
cuperator cycle optimization during Task. II. 

Regenerator technology for the year 2000 consists of using a one-piece extruded 
ceramic disk. This procedure minimizes cost and weight while providing high 
strength for higher than normal cycle pressure operation. Low leakage seals 
characterized by low thermal distortion are also Included in the design. This 
design will allow the regenerative cycle to optimize at higher cycle pressure 
ratios than conventional regenerative cycles, such as the advanced gas turbine 
(AGT 100) being developed by Allison. 

Wave Rotor Engine 


In this concept, the conventional high pressure spool in the simple cycle en- 
gine is replaced by a wave pressure exchanger or Comprex system. The Comprex 
assumes the function of a turbine-driven compressor (compressor-expander) with 
a direct transfer of energy by impingement of the expanding gas on the air to 
be compressed. Figure 15 illustrates the wave rotor cycle. The Comprex rotor 
consists of straight axial channels that are alternately exposed to segmented 
ports open to the air or to the hot gases. Nonsteady flow is created by the 
opening and closing of the rotor channels as they pass over the ports and 
blocked off portions of the stator. The rotor speed and rotor length must be 
defined to coordinate pressure wave passage time with port opening. The Com- 
prex system is essentially a flow switching device and is not capable of pro- 
ducing shaft power. It must be driven to overcome friction and windage losses.. 
Figure 16 shows a typical wave rotor configuration for gas turbine application. 

The efficiency of the energy exchange within the Comprex system Is equivalent 
to high grade radial turbomachinery and Is less sensitive to size than turbo- 
machinery. The system is also amenable to speed changes with good efficiencies 
and offers Instantaneous load response. 

The rotor is alternately exposed to hot and cool gases and the rotor material 
assumes some average temperature, thereby allowing combustor outlet tempera- 
tures that are limited only by the static structure. Only a part of combustor 
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discharge gas is used in the Comprex system. The remainder is bypassed and 
diluted as required before entering the low pressure turbine. 


CYCLE/CONFIGURATION EVALUATION 


The methodology used to perform the cycle optimization study in Task II is 
shown in Figure 17. The year 2000 technology base for small gas turbine en- 
gines was used to calculate cycle performance for each engine configuration 
under study. Hi thin each cycle 'matrix, one’ -cycle was- seized ~as a 'preliminary 
design point cycle to calculate engine weight, cost, and dimension. From that 
preliminary design point cycle, weight, cost, and dimension for the other cy- 
cles in the matrix were obtained analytically as described in Task I of this 
report. Using the trade factors developed during Task I, sensitivities to di- 
rect operating cost were developed for each cycle In a given matrix. This 
technique was used to select the cycle (RIT, R c combination) for each config- 
uration that gave the minimum relative direct operating cost (DOC). 


Each cycle was scaled to produce 1000 shaft horsepower (shp) at sea level 
static (SLS) conditions. All cycle analysis assumed uncooled turbine config 
urations with maximum TRIT of 2800 e F. Total cycle leakage was scaled as a 
function of cycle pressure ratio and engine 
flow size. Specifically: 


SECT leakage - base leakage x 


1/2 

x AjASE) 

R C BASE W A SECT 


where the base values are those from the baseline advanced technology turbo- 
shaft engine. The leakages are expressed as a percentage of total compressor 
inlet flow. The regenerator and recuperator systems were designed at the tilt 
rotor mission cruise flight condition (6096 m/250 knots true airspeed (KTAS) 
[20,000 ft/250 KTAS]) for optimum performance. Results of the cycle study for 
the* concentric, nonconcentric. recuperative, regenerative, and wave rotor 
engine cycles are presented in the following sections. 
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Concentric Engine Cycle Evaluation 


Cycle Evaluation 


For the concentric component arrangement of the simple cycle engine, pressure 
ratios from 15 to 25 were Investigated with turbine rotor-in let- temperatures 
from 2200° F to 2800 # F. Overall pressure ratios greater than 25 were not con- 
sidered. Design analysis of the concentric engine Indicated that the bore 
stress In a HP turbine was prohibitive for pressure ratios greater than 25. 


Figure 18 shows the parametric cycle analysis for the concentric engine for 
the range of cycle parameters investigated. This chart Illustrates the trends 
in specific fuel consumption and specific horsepower as a function of turbine 
temperature and pressure ratio. The weight and cost sensitivities were applied 
to generate the DOC trends shown In Figure 19. The minimum DOC is shown to 
occur at an overall pressure ratio of 25:1 and 2800°F RIT for the concentric 
cycle. 

Engine Configuration 

The concentric engine general arrangement Is shown In Figure 20. The features 
are summarized as follows: 

o removable top-mounted accessory gearbox module 
o an aluminum Inlet support 

o a four-stage axial 8.33:1 low pressure (LP) compressor 
o a gas generator incorporating with 

- a centrifugal flow 3:1 compressor (dual IMI T1) 

- a parallel wall radial vaned diffuser (T1A1) 

- reverse flow annular combustor made from ceramic (SIC/SIC) 

- radial inflow gasifier turbine (S1C/S1C) 

o removable single-stage axial uncooled low pressure (LP) turbine (Ti^Al ) 
o removable two-stage axial uncooled free shaft power turbine (T1A1) module 
o full authority adaptive digital control 
o self-contained fuel and lubrication systems 
o engine monitoring system (EMS) 
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Output shaft speed Is 40,000 rpm rotating counterclockwise as viewed from the 
aft end of the engine. The engine configuration provides an advanced design 
with low life cycle costs, high -reliability, high.. survivability, and excellent 
maintainability for the tilt-rotor aircraft missions. A description of each 
component follows. 

Gearbox— The accessory gearbox is designed to mount on the top of the engine 
for improved maintainability and can be removed with all accessories in place 
and without disturbing any other engine module. This module Incorporates an 
integral oil system and provides drive pads for both engine and aircraft ac- 
cessories. 

Inlet support— The inlet support is cast aluminum and forms the major forward 
engine support case. This casting provides the flow path for engine air enter- 
ing the first-stage axial LP compressor and Is anti-iced with scavenge oil. 

Centrifugal Impeller— The compressor is designed to meet the conditions at the 
SLS match point. The static structure and the Impeller are made from low ther- 
mal expansion titanium to maintain close clearance control. An abradable ero- 
sion resistant coating of flame sprayed aluminum-silicon applied over chromium 
carbide Is used On the shrouds to allow tight clearances with rub protection. 
The compressor represents a low technical risk engine component. 

Combustion system — The combustion system Is a durable, high performance, re- 
verse flow annular design that uses a machined outer casing, ceramic transition 
liner, and piloted air blast fuel Injector. This combustor meets all require- 
ments of the tilt-rotor aircraft mission. A reverse flow feature provides the 
shortest possible coupling between the compressor and the gasifier turbine with 
resulting benefits In shaft dynamics and engine rigidity. 

Radial Inflow gasifier turbine— The gasifier turbine rotor Is expected to oper- 
ate in a more severe thermal environment and at higher speeds than any previ- 
ously tested at Allison. The analysis of this rotor is an extension of the 
ceramic rotor experience gained from the Advanced Gas Turbine Program. 

Single-stage axial LP turbine— The LP turbine Is based on a current technology 
turbine with slightly more severe thermal and speed operating conditions. 
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Blade stress and vibration characteristics are moderately above the existing 
engines. The material change to single crystal minimizes the required cooling 
flow and provides an increased temperature -margin. 

Power turbine The two-stage axial power turbine Is based on a current technol- 
ogy power turbine. The configuration Incorporates advanced materials to elimi- 
nate cooling. The power turbine rotates counterclockwise when viewed from the 
rear and opposite the gas generator direction to provide optimum efficiency 
and reduced weight. 

Nonconcentric Engine Cycle Evaluation 

Cycle Evaluation 

Moving the HP spool out In the nonconcentric type configuration eliminates the 
requirement to pass shafting through the center of the high pressure rotor. 

By eliminating the bore stress problem, overall pressure ratios up to 40:1 
could be considered for this configuration. The maximum HP turbine rotor- 
inlet-temperature was again limited to 2800®F. 

Figure 21 shows the parametric cycle analysis for the nonconcentric engine for 
overall pressure ratios of 25 to 40 and turbine rotor-inlet-temperatures rang- 
ing from 2200® F to 2800®F. This Illustrates the trends of specific fuel con- 
sumption and specific horsepower as a function of the cycle parameters. Figure 
22 Illustrates the DOC trends of the nonconcentric cycle as a function of Rc 
and RIT. This shows the optimum cycle to be at a 30:1 overall pressure ratio 
and 2800* F 'RIT. 

Engine Configuration 

The nonconcentric engine Is a three-spool turboshaft engine concept that offers 
the capability of achieving a significant reduction In specific fuel consump- 
tion (SFC) and cost and an Increase In power-to-welght ratio compared to cur- 
rent Allison engines. The nonconcentric turbine engine achieves the reduced 
fuel consumption by combining high cycle pressure ratio and high turbine RIT 
In a three-spool configuration. The arrangement differs from the conventional 
two-spool engine by the addition of a third spool, which Is mounted off axis 
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. iioi 4 -n the other two spools. Advantages are Improved compres- 

r ;:rrr - * zz :i:r> 

bearing diameters, elimination of bore stress prob ems. -d'me 
near arrangement. The nonconcentrlc engine general arrangement, as shown 
r * H n result of studies designed to meet the optimum performance con- 
^ tsVh 1 minimizing the duct pressure losses and heat rejection. 

The power shaft Is Inside the LP shaft with the output connection located 

the engine front. 


Recuperator Engine Cycle Ev aluation 


Cycle Analysis 

A comprehensive parametric stud, was made to select the optimum recuperator 
engine combination. The following parameters were consldere . 


o engine 

- compression ratio, R c 6, 10, 14 ^ 

_ turbine rotor Inlet temperature, RIT-1204*C, 


137TC, 1538 # C (2200°F, 


2500* F, 2800* F) 
o recuperator 

- effectiveness, EX--60, 70, 80 

- total pressure drop, AP/PX— 6, 8, 10 

- plate and fin spacing, thickness, and offset 

- tube size, spacing, and dimpling 

- number of passes — air and gas 
_ cross and counterflow 

- materials— metal and ceramic 

- number and arrangement of modules 
_ size, weight, and cost 


A total of 45 engine cycles were selected for analysis from the 81 possible 
combinations of the above parameters. Figure 24 shows a typin' 
analysis plot for the recuperative engine cycle. This tren P 

consumption and specific horsepower as a function of cycle Rc an 
recuperator having a design effectiveness of 60X. and a total pressure drop o 


10X. 
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Recupe rator Configuration Analysis 


CtlGWTAi: PAGE K 
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Allison selected the matrix of R c , RIT, E, .and AP/P for investigation. 
AiResearch was chosen, because of their extensive experience, to select appro- 
priate heat transfer surfaces and flow arrangements and to calculate sizes re- 
quired. A description of the procedure for selecting the optimum recuperator 
engine combination follows. 

Configuration 


AiResearch selected offset rectangular heat transfer surfaces, shown In Figure 
25, for all plate and fin analyses. This surface has the advantage of reducing 
boundary layer to zero at each fin offset and is generally acknowledged to be 
one of the most compact available. AiResearch had optimized this type surface 
for minimum core volume in a Garrett vehicular engine. AiResearch conducted 
the optimization based on this type of surface. A thorough optimization of the 
above plate and fin dimensions for DOC was not conducted. A comparison of mod- 
ified plate and fin dimensions was made at 10:1 engine compression ratio and 
1538 C (2800°F) RIT with a counterflow recuperator. At 60% E and 10% AP/P 
reductions of 22-25% In cost, 8-12% in weight and 3-26% in length for the same 
overall recuperator diameter were obtained by using slightly more fins/in. and 
greater plate spacing on the gas side. The study to minimize DOC Was conducted 
ith the vehicular engine dimensions that were shown to produce minimum indi- 
vidual core volume but not minimum overall wrap up volume. All the fin dimen- 
sions considered were acceptable from a fouling standpoint with jet fuels. For 
he metal cross-counterflow recuperators, AiResearch evaluated all their offset 
n conf1 9 ura tions and narrowed the selection based on weight and size. All 1 - 
made the final selection based on DOC sensitivities. 


for ;r h Se ^ ec * ed cm In.) diameter tubing as the smallest possible, 
heat . S 26 and we1 9ht, without encountering laminar flow that would cause poor 
„„ transfer - Both In-line and staggered tube arrangements were evaluated 
i lv . .. p aln * ring-dimpled, and spiral-dimpled tubes for inside boundary 
*er but P 00 * n 9 enera ^* in-line tubes provide smaller recuperator diame- 
g rea ^ rea * er than staggered tubes. Dimpling provides lower weight 

condi reCUPera ^° r d ^ ame * er * ^he best combination was selected for each 
*i°n. Ring dimples were not represented in the final selection. 



AiResearch selected the following flow configuration, surface, and material 
combinations for comparison: 

o two-pass cross-counterflow — metal tube and shell 
o two-pass cross-counterflow— metal plate and fin 
o counterflow — metal plate and fin 
o counterflow — ceramic plate and fin 

Ai Research selected an annular arrangement of six modules for all recuperator 
types. Figures 26 and 27 show the arrangement of the metal plate and fin two- 
pass cross-counterflow configuration. Six modules provide a convenient size 
for minimum cost of assembly, brazing, and ceramic firing operations. The an- 
nular arrangement provides a minimum weight means of channeling exhaust flow 
with circular shell structures. 

Materials, Cost, and Size 

AiResearch recuperator material development is underway and is expected to pro- 
vide 982-1093°C (1800-2000°F) metal capability and 1260 # C (2300°F) ceramic 
capability by year 2000. The metal will be nitride dispersion strengthened 300 
series stainless steel and the ceramic, silicon nitride. The tilt-rotor air- 
craft and 648 km (350 nm) cruise mission selected would require only current 
day chrome-moly steel for 704°C (1300 e F), This is due to the fact that the 
engine is sized for cruise. It has a high 901 power setting as opposed to 
other aircraft that might be sized for hover and cruise at 751 power. At 901 
power, variable engine geometry can not be used to increase turbine outlet or 
recuperator Inlet temperature to high levels while maintaining maximum turbine 
Inlet temperature as could be done at 751 power. This application cannot take 
advantage of advanced high temperature recuperator technology. Even so, low 
density of the ceramic material made it a close contender. 

AiResearch provided cost equations for the four types of recuperators based on 
(1) the number of air passage layers and plate area for the plate and fin de- 
signs and (2) tube length and number of tubes for the tube and shell designs. 
Allison derived sensitivity factors to describe the effect of relevant engine 
and recuperator parameters on the tilt-rotor aircraft DOC. Figure 11 shows 
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these sensitivity curves. The engine plus recuperator parameters affecting 
DOC and their relative weight are as follows: 


o specific fuel consumption (SFC) 
o cost 
o weight 
o length 

o height (or diameter) 

A1 Research sized about 50 recuperators of four types for 45 selected engine 
thermodynamic cycles. Fifty values for 4 one recuperator dimension were se- 
lected. The values of the other two dimensions were calculated to give the 
specific effectiveness and pressure drop for each cycle. Different splits be- 
tween air and gas side pressure drops resulted. Allison used the sensitivity 
curves for weight, length, and diameter on a partial basis to select the re- 
cuperator with minimum DOC for each engine cycle. In general, the best size 
was a recuperator with slightly more than minimum weight, but slightly shorter 
and significantly less In diameter. 

Selection of Recuperator Type 

A recuperator type that provided minimum DOC was selected for each of the 45 
engine cycles. The types considered were: 

o two-pass cross-counterflow— metal tube and shell 
o two-pass cross-counterflow— metal plate and fin 
o counterflow— metal plate and fin 
o counterflow— ceramic plate and fin 


46X 

26X 

12X 

9X 

_zx 

100X 


The sensitivity curves were used to determine the effect of recuperator weight, 
recuperator diameter (or height) engine plus recuperator length, and recupera- 
tor cost on relative DOC. 

Specific fuel consumption was omitted and partial weight and cost for the re- 
cuperator were justified because comparisons of relative DOC were made for each 
individual engine cycle. A comparison of the four recuperator types is shown 



In Table XVI for R c of 14 and RIT of 1538 # C (2800*F). Comparisons are valid 
line-by-line for selection of the best recuperator type because (1) partial of 
weight and cost was used and (2) a new datum was assumed for each line (the 
tube and shell ADOC). Lowest ADOCs are underlined and represented by the 
most negative values of ADOC. Two-pass cross-counterflow (metal plate and 
fin) configurations and counterflow (ceramic plate and fin) configurations were 
selected for further evaluation. The tube and shell and counterflow (metal 
plate and fin) configurations were not contenders and were eliminated from fur- 
ther consideration. 

Direct Operating Cost Evaluation for Cycle Selection 

The recuperative engine cycle parameters were selected to provide the minimum 
DOC. The sensitivity curves were used with complete values of: 

o SFC 
o cost 
o weight 
o length 

o height (or diameter) 

Engine cost and weight were calculated using Inhouse equations with recuperator 
costs from Garrett. Figures 28 through 30 show for a two pass crosscounter me- 
tallic plate and fin recuperator the effect of engine compression ratio (R £ ), 
recuperator effectiveness (E), and recuperator total pressure drop (AP/P) for 
RIT of 1538*C (2800*F) on relative DOC. From these figures, minimum DOC is ob- 
tained at R c - 13, E - 64X, and AP/P - 10X. Engine cycles with the ceramic 
counterflow recuperator were similarly compared and minimum DOC design was ob- 
tained at R c « 14, E - 60X, and AP/P - 10X. 

Table XVII compares overall DOC ratios and partial DOCs for each parameter for 
the best two recuperators: two-pass cross-counterflow metal plate and fin, and 
counterflow ceramic plate and fin. The metal recuperator has 1.4X lower over- 
all DOC. Based on DOC considerations, a metal two-pass recuperator was se- 
lected. The ceramic recuperator excels only In weight, due to the lower den- 
sity of ceramics. Therefore, the engine with two pass cross counterflow metal 
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TABLE XVI 

1538'C (2800°F) RIT ENGINES USING PARTIAL DOCS. 


TUBE AND SHELL -CERAMIC PLATE AND FIN 


E 

AP/P 

TWO-PASS CROSS COUNTER 

WEIGHT HEIGHT L COST ADOC 

KG CM CM 

COUNTER 

WEIGHT HEIGHT L COST 

KG CM CM 

ADOC 

60 

6 

17.4 

65.4 

95.0 

10,629 

0.00 

28.2 

61.9 

92.0 

7,084 

- 1.03 


8 

17.3 

57.7 

95.9 

10,485 

0.00 

23.7 

62.6 

87.0 

5,677 

- 4.37 


10 

15.7 

57.4 

89.8 

10,062 

0.00 

21.3 

55.9 

86.7 

6,302 

- 3.38 

70 

6 

29.6 

65.3 

107.6 

12,795 

0.00 

32.6 

64.0 

95.6 

8,078 

- 4.40 


8 

28.1 

63.5 

107.3 

12,510 

0.00 

31.6 

64.9 

90.1 

6,523 

- 7.02 


10 

27.7 

61.5 

103.8 

12,498 

0.00 

28.8 

58.3 

90.1 

7,186 

- 6.98 

80 

6 

73.1 

62.5 

144.2 

18,552 

0.00 

54.8 

67.6 

101.6 

9,766 

-10.00 


8 

45 2 

*70.3 

"103.3 

"T6;260 

-0.00 

47.0 

'68.8 

*05.2 

7,908 



10 

41.7 

64.3 

104.7 

15,072 

0.00 

42.6 

69.9 

91.5 

6,839 

- 8.32 


E 

A P/P 




METALLIC PLATE AND FIN 




TWO-PASS CROSS COUNTER 



COUNTER 



WEIGHT HEIGHT 
KG CM 

L 

CM 

COST 

ADOC 

WEIGHT HEIGHT L 

KG CM CM 

COST 

ADOC 

60 

6 

36.7 

65.4 

90.8 

3,487 

-2.53 

52.0 

67.5 

95.8 

5,811 

7.26 


8 

35.3 

58.9 

84.4 

3,087 

-3.79 

44.3 

60.9 

95.9 

6,342 

5.24 


10 

32.6 

59.7 

82.0 

2,889 

-3L42 

40.3 

56.3 

90.4 

5,573 

4.25 

70 

6 

52.8 

68.1 

90.3 

3,495 

-6.05 

68.4 

64.3 

96.7 

6,807 

1.66 


8 

50.4 

60.6 

83.1 

2,857 

-7.31 

57.7 

63.2 

99.5 

7,090 

0.50 


10 

48.3 

68.9 

87.3 

3,110 

-6.39 

52.8 

58.9 

94.3 

6,206 

-1.92 

80 

6 

95.5 

67.4 

86.7 

3,529 

-11.68 

95.9 

67.9 

104.0 

7,984 

-7.41 


8 

93.8 

62.7 

82.1 

3,119 

-6.10 

83.4 

69.4 

97.4 

6,494 



10 

93.9 

60.0 

79.3 

2,911 

- 4.80 

75.5 

68.6 

99.5 

7,064 

-2.53 





TUBE AND 

SHELL 



CERAMIC PLATE AND FIN 



TWO-PASS CROSSCOUNTER 


COUNTER 


E 

A P/P 

WEIGHT HEIGHT 

L 

COST 

ADOC 

WEIGHT HEIGHT 

L 

COST 

ADOC 



LB 

IN. 

IN. 



LB 

IN. 

IN. 



60 

6 

38.4 

25.76 

37.39 

10,629 

0.00 

62.2 

24.39 

36.23 

7,084 

- 1.03 


8 

38.1 

22.71 

37.77 

10,485 

0.00 

52.3 

24.64 

34.24 

5,677 

- 4.37 


10 

34.6 

22.60 

35.34 

10,062 

0.00 

47.0 

22.00 

34.12 

6,302 

- 3.38 

70 

6 

65.3 

25.70 

42.37 

12,795 

0.00 

71.8 

25.20 

37.65 

8,078 

- 4.40 


8 

61.9 

25.00 

42.26 

12,510 

0.00 

69.6 

25.54 

35.48 

6,523 

- 7.02 


10 

61.1 

24.20 

40.86 

12,498 

0.00 

63.4 

22.96 

35.47 

7,186 

- 6.98 

80 

6 

-161.2 

24.6 

56.77 

18,552 

0.00 

120.9 

26.62 

39:99 

9,766 

-10.00 


8 

99.7 

27.9 

40.69 

16,260 

0.00 

103.6 

27.09 

37.49 

7,908 

-•^735 


10 

91.9 

25.3 

41.21 

15,072 

0.00 

93.9 

27.53 

36.04 

6,839 

- 8.32 






METALUC PLATE AND FIN 






TWO-PASS CROSSCOUNTER 


COUNTER 





WEIGHT HEIGHT 

L 

COST 

ADOC 

WEIGHT HEIGHT 

L 

COST 

ADOC : 

E 

A P/P 

LB 

IN. 

IN. 


- 

LB 

IN. 

IN. 



60 

6 

81.0 

25.76 

35.75 

3,487 

-2.53 

114.6 

26.57 

37.70 

5,811 

7.26 


- 8 

77.9 

23.17 

33.24 

3,087 

-3.79 

- 97.7 

23.98 

37.74 

6,342 

5.24 


10 

71.9 

23.51 

32.29 

2,889 

-3.42 

88.9 

22.17 

35.59 

5,573 

4.25 

70 

6 

116.4 

26.83 

35.56 

3,495 

-6.05 

150.7 

25.31 

38.87 

6,807 

1.66 


8 

111.2 

23.64 

32.73 

2,657 

-7.31 

127.2 

24.88 

39.16 

7,090 

0.50 


10 

106.4 

27.12 

34.39 

3,110 

-6.39 

116.3 

23.17 

37.12 

6,206 

-1.92 

80 

6 

210.5 

26.55 

34.15 

3,529 

-11.68 

211.4 

26.73 

40.96 

7,984 

-7.41 


8 

206.7 

24.68 

32.33 

3,119 

-6.10 

183.8 

27.34 

38.33 

6,494 



10 

207.1 

23.63 

31.24 

2,911 

-4.80 

166.5 

26.99 

39.18 

7,064 

-2.53 
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TABLE XVII. 


RECUPERATIVE ENGINE COMPARISON— PLATE AND FIN RECUPERATORS. 


CERAMIC 

COUNTERFLOW 


METAL TWO-PASS 
CROSS-COUNTERFLOW 


PARTIAL ADOCS 
SFC 

COST— $ 

WEIGHT— KG (LB) 
LENGTH— CM (IN.) 
DIAMETER— CM (IN) 
TOTAL A DOC 
w OVERALL DOC/DOC* 


1.41 

-1.24 


-0.72 

0.69 

-1.32 


-1.58) (BEST) 

-<L52i 

- 2.20 

0.9780 


(EQUAL) 


-0.56 

-1.83 

-2.39 


1.41 

-2.04 (BEST) 
-1.23) 


-0.72 

-0.94' 


;best) 

BEST) 
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plate and fin recuperator was selected. The general engine outline is shown 
in Figure 31 . 

All recuperator and engine performance had been calculated and compared for 
the cruise condition (6096 m [20,000 ft] altitude 250 knot) where the majority 
of mission fuel is burned. It was necessary to calculate sea level performance 
for the best engine and recuperator combination so that a mission analysis 
could be made to calculate DOC. Allison supplied sea level engine cycle data 
to AiResearch, which they used to calculate sea level recuperator performance. 
Table XVIII shows the sea level and altitude performance details for the sel- 
ected two-pass cross-counterflow metal plate and fin recuperator. Sea level 
effectiveness and pressure drop are significantly lower because of increased 
Reynolds number; however, only a small portion of mission fuel is burned at 
sea level conditions. 

Engine Configuration 

The recuperative engine that is shown in Figure 31 employs a six module metal 
two pass cross-counterflow recuperator.. The core of each module is 28 cm (11.1 
in.) long x 15 cm (6.1 in.) wide x 5 cm (2 in.) thick. Manifolding increases 
overall length to 38 cm (15.1 in.). The six modules are arranged so that the 
15 cm (6.1 in.) sides form a hexagon with 27 cm (10.8 in.) inside diameter and 
are surrounded by a 49 cm (19.4 in.) diameter exhaust duct. Total recuperator 


TABLE XVIII. 

SEA LEVEL AND ALTITUDE RECUPERATOR PERFORMANCE TWO-PASS CROSS-COUNTERFLOW- METAL 

PLATE AND FIN. 


AIRFLOW 


INLET 
PRESSURE 
KG/CM* (PSI A) 

EACH OF 
6 MODULES 
KG/SEC 
(LB/SEC) 

INLET 

TEMPERATURE 
*C (T) 

OUTLET 
TEMPERATURE 
*C (*F) 

EFFEC- 

TIVENESS 

% 

ABSOLUTE 

PRESSURE 

DROP 

KG/CM* (PSI) 

PRESSURE 
OROP RATIO 
A P/P 

6096m (20,000 FT) 
AIR 7.03 (100.0) 
GAS 0.53(7.64) 

SEA LEVEL 

0.135 (0.2979) 
0.141 (0.3098) 

324 (616) 
699(1290) 

549 (1021) 
497 (926) 

60 

0.31 (4.38) 
0.14(1.98) 

0.0438 CORE 
0.0263 CORE 
0.0303 MANIFOLDS 
0.1004 TOTAL 

AIR 13.7 (194.2) 
GAS 1.17(16.68) 

0.256 (0.5641) 
0.258 (0.5693) 

393(740) 
842 (1548) 

631 (1168) 
632(1169) 

52.9 

sa 

coo 

oo 

0.0414 CORE 
0.0151 CORE 


0.0129 MAINFOLDS 
0.0694 TOTAL 
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weight Including ducting Is 35 kg (77 1b.). Material Is modified nitride dis- 
persed type 321 stainless steel convoluted and brazed with 982*C (1800°F) capa- 
bility. .The cores consist of 20 air passage layers and 21 gas passage layers 
Interspersed. Exhaust gas makes one pass through the 5 cm (2 In.) dimension 
while compressor discharge air makes two passes through the 28 cm (11.1 In.) 
dimension. This recuperator provides a thermal effectiveness of 60% and a 
pressure drop of 10% at cruise. 

The advanced technology recuperative engine features a two-shaft arrangement 
that permits considerable freedom In the matching of loads of differing torque 
versus speed characteristics to the same engine. 

The engine, which has modular construction. Incorporates a radial Inlet housing 
integral with the accessory gearbox, a two- stage axial compressor with variable 
geometry, an impeller with radial diffuser, a single can combustor, a single- 
stage axial gasifier turbine, a two-stage axial free power turbine, a six mod- 
ule metal two pass cross-counterflow recuperator, and an electronic fuel con- 
trol system. 

In summary, Inlet air passes through a radial inlet to the axial-impeller com- 
pressor. There it passes through variable Inlet guide vanes, which can be used 
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to change engine airflow, and to an axial compressor and an Impeller, where It 
Is compressed. The compressed air passes from the Impeller through a parallel 
wall radial vaned diffuser and Is collected by a T1A1 scroll. The compressor 
discharge air makes two passes through the 28 cm (11.1 In.) dimension of the 
recuperator core, where It Is heated, and exhaust gas makes one pass through 
the 5 cm (2 In.) core. From the recuperator, the air flows through an H-188 
Lamllloy combustor. 

Fuel Is mixed with the air and burned In the combustor to bring the tempera- 
ture of the fuel /air mixture to 1538*C <2800*F). The hot gases are collected 
by an Inlet scroll where the vanes direct the flow to the gasifier turbine. 
Sufficient power Is extracted at this location to meet the requirements of the 
HP compressor and the oil pump system. 

The discharge from the gasifier turbine Is directed through an interturbine 
duct and vane arrangement at the power turbine. The vanes direct the gas flow 

to the power turbine where power output is extracted for various applications. 
The flow from the power turbine Is directed through the recuperator to the 
exhaust. 

Regenerative Engine Cycle Evaluation 
Cycle Analysis 

A comprehensive parametric study was' made to select the optimum regenerator- 
engine combination. Regenerator, as Used here,, refers to a rotating periodic- 
type heat exchanger. The following parameters were considered: 

o engine 

o compression ratio, Rc — 6, 8, 10, 12 

o turbine rotor Inlet temperature, RIT — 1204*C, 1371°C, 1538°C (2200*F, 
2500* F, 2800* F) 


*Lam1 1 loy is a registered trademark of the General Motors Corporation. 


4-18 


o regenerator 

o effectiveness, EX— 60, 65, 70, 75, 80 

o total pressure drop, AP/PX — 6, 8, 9, 10, 11, 12, 13, 14, 17, 20 
o passage shape and size (hydraulic diameter— D H > 
o parameters— number of passages/in. 2 (N), surface area/unit volume (B). 
passage hydraulic diameter (D H >, wall thickness (S), and open area 
fraction (a) all Interrelated 
o flow length (disk thickness) 
o disk flow area and seal blockage area 
o gas to airflow area split 
o disk rotational speed 
o heat transfer and friction coefficients 
o number and arrangement of disks 
o disk and seal materials 
o size, weight, and cost 

A total of 126 engine cycles were evaluated. Figure 32 shows a typical para- 
metric analysis plot for the regenerative englnecycle. This trend of sped f i 
fuel consumption and specific horsepower as a function of cycle Rc and RIT is 
for a regenerator having a design effectiveness of 70X, and a total pressure 
drop of 13X. A description of the procedure for selecting the optimum regener 
ator engine combination follows. 

Regenerator Configuration Analysis 

Configuration 

Allison selected an extruded ceramic heat transfer matrix with equilateral 
triangular passages formed by three sets of parallel walls Intersecting at 
common points. Figure 33 Is a photo of a similar matrix. This triangular ma- 
trix provides the strength required to resist radially Inward pressure loads. 
An open area fraction of 0.715 was selected based on previous stress analysis 
that showed that such a matrix would withstand the pressure loads (Ref 2). 

Once the open area fraction has been selected, the. relationship of four addi- 
tional matrix variables is fixed, as shown In Table XIX. 
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TABLE XIX. 

HEAT TRANSFER MATRIX PROPERTIES FOR EQUILATERAL TRIANGULAR PASSAGES WITH OPEN AREA 
FRACTION OF 0.715. 


SURFACE 

VOLUME 

b-FT/FT 

800 

900 

956* 

1000 

1800* 


HYDRAULIC 
DIAMETER 
P H — IN. 


0.0429 

0.0381 

0.0359 

0.0343 

0.0190 


PASSAGES 

IN.* 

N 


299 

379 

427 

468 

1500 


WALL 
THICKNESS 
a— IN. 


0.0079 

0.0070 

0.0066 

0.0063 

0.0035 


* SELECTED FOR TILT ROTOR AIRCRAFT MINIMUM DOC 
** TYPICAL SELECTION FOR GROUND APPLICATION FOR MINIMUM SPECIFIC 

FUEL CONSUMPTION (SFC) TE86-4897 


Surface-to-volume ratio was used as a primary variable In the heat transfer 
calculations. Analytical values of the dimensionless Colburn heat transfer 
factor (J) and Fanning friction factor (f), were used (Ref 3). These- analyti- 
cal values are judged to be representative of the experimental values that have 
been reported. As a function of Reynolds number (Re) for fully developed lami- 
nar flow, they are: 

J x Re - 3.51 - constant 

f x Re - 13.333 - constant 

The regenerator disk parameters were fixed based on prior experience. Open 
area fraction was limited to a maximum of 0.715 for strength requirements. A 
minimum workable disk flow length or thickness of 7.6 cm (3 In.) was chosen 
because minimum length produces minimum disk volume and weight for a given 
effectiveness and pressure drop. Higher values of surface-area-to-volume ratio 
(6) compensate for shorter flow length. Gas-to-alrflow area ratio was set at 
1.2 to provide minimum specific fuel consumption. Disk rotational speed is 12 
rpm. 
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With the disk, parameters fixed, regenerator sizing Involved finding the com- 
bination of surface-to-volume ratio (6) and disk diameter (D) required to ob- 
tain the thermal effectiveness and pressure drop selected for each engine cy- 
cle. Higher surface area Increases effectiveness and pressure drop while 
larger disk diameter Increases effectiveness and decreases pressure drop. An 
allowance of 11 for engine Internal duct pressure losses was Included, based 
on experience. Regenerators were sized for the 6096 m (20,000 ft) altitude, 

250 knot cruise condition since most mission fuel was burned at that condition. 
'Reynolds : number ,> effects at ^altitude ‘’conditions required 4ower -values of surface 
area to volume ratio and larger hydraulic diameter passages than those for sea 
level applications, as shown In Table XIX. 


Rotating regenerators employ double-sided seals on both sides of the disks with 
a rubbing face seal on one side and a static leaf seal on the other. The seals 
are exposed to full engine pressure ratio. Allowance for seal leakage must be 
made In engine performance calculations. A seal leakage scaling equation, 
based on an established engine leakage data base, was used. This equation Is 
scaled based on disk diameter, engine pressure ratio, disk speed, and disk 
thickness. The equation treats the rubbing wearface, static leaves, and 
carryover due to disk rotation separately. The equation Is as follows: 


L 0 - 0.3L 


R c 

II 


1 R. 




+ 0.3L 


R c 


1 R. 


+ 0.1 


1 


'1 


"C, D« % D, N, W, 

L 1 R D, + 0,3L 1 R ( D.* N. £ 

Cj 1 C 1 1 11 


wearface 


leaf joints 


leaves 


carryover 


where 


L - absolute leakage 
D -disk diameter 
R £ - compression ratio 
N - disk speed 
W - disk thickness 

1 - base conditions 

2 - new conditions 


Two regenerator disks were selected to minimize engine length and height. Fig- 
ure 34 shows how the disks contribute to engine length and height, yet provide 
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a compact package. Smaller disk diameters, provided by the use of two disks, 
allow the capability for a one piece extrusion eliminating cement joints. Two 
disks have the disadvantages of higher leakage, weight, and cost, which are 
Important factors and would merit further study In a detailed design. 

Materials and Cost 

Current regenerator materials are adequate for the cruise-sized tilt-rotor alr- 
xraft -trecaus* this appllcatlon-does -not allow Hjse of 4v1^h regenerator Inlet 
temperature. Regenerator Inlet temperature Is 769*C (1417°F) at the operating 
cruise condition. The regenerator disk would be extruded aluminum silicate, 
which Is rated for 1093*C (2000°F) steady-state operation. The cold side seal 
would use a 0.06 thick 430SS platform with attached Impregnated graphite 
wearfacing and Inco X750 seal leaves. The hot side seal would use an 0.08 
thick Inco 625 platform with Impregnated graphite rim wearface and plasma 
sprayed nickel oxide-calcium fluoride crossarm wearface with L605 cobalt alloy 
seal leaves. Regenerators with these materials have demonstrated good 
durability at 982 # C (1800°F) and 4:1 pressure ratio in ground applications and 
are expected to be adequate for the selected cruise temperature of 769*C 
( 1 41 7°F) and 10:1 pressure ratio. 

Cost estimates for several regenerator diameters were obtained from the disk 
and seal vendors supplying current parts for Allison engines. Curves were ob- 
tained from the cost data to provide costs for all sizes evaluated. Allowance 
was made for the proposed production rates. The sensitivity factors derived 
In Task I describe the effect of relevant engine and regenerator parameters on 
the tilt-rotor aircraft DOC. Figure 11 shows these sensitivity curves. The 
engine and regenerator parameters affecting DOC and their relative weights are 


as follows: 


o SFC 

46X 

o cost 

26% 

o weight 

12X 

o length 

9% 

o height (or diameter) 

7* 


100X 
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Direct Operating Cost Evaluation for Cycle Selection 


The engine cycle was selected to provide minimum DOC at the cruise condition. 
The DOC sensitivity curves were used to obtain the separate factors for: 

o SFC 
o cost 
o weight 
o length 

o height (or diameter) 

These separate factors were summed to obtain an overall DOC factor for each 
engine. Engine cost, weight, and length were calculated using Inhouse equa- 
tions for turbomachinery, gearbox, and accessories with regenerator values 
added. Regenerator weight and cost Included values for covers, drives, and 
ducting. Figures 35 through 37 show plots of DOC versus engine R c , regenera- 
tor effectiveness (E), and regenerator AP/P. These plots show that minimum 
DOC Is obtained when R c - 9.5, E - 69%, and AP/P - 13%. Calculations were 
extended to AP/P ■ 20% but showed no tendency to optimize. Reductions In 
regenerator weight with Increasing pressure drop were-greater than the In- 
creases In engine size and weight necessary to maintain the required power. 
These results merit further study. It was decided to limit the regenerator 
pressure drop to 13% because the resulting axial disk loads act against the 
cold side seal and result In greater seal wear. The regenerator disks for the 
selected engine were 15.72 In. In diameter. The. size of their cases relative 
to the engine Is shown In Figure 34. Based on these considerations, the regen- 
erative engine with R £ - 10, E - 70%, and AP/P - 13% was selected. 

All regenerator and engine performances had -been calculated and compared for 
the cruise condition (6096 m [20,000 ft] altitude, 250 knots) where the major- 
ity of mission fuel Is burned. It was necessary to calculate sea level perfor- 
mance for the selected engine and regenerator combination so that a mission 
analysis could be made to determine actual DOC. Table XX shows both the sea 
level and altitude performance data for the selected regenerator. Sea level 
effectiveness and pressure drop are lower than at altitude because of Increased 
Reynolds number. However, only a small portion of mission fuel Is burned at 
sea level conditions. The Reynolds number effect also accounts for the selec- 
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tion of passages with larger hydraulic diameter for altitude conditions as 
opposed to ground applications as depicted In Table XIX. Leakages of 5.2X at 
6096 m (20,000 ft) cruise and 5.5X at sea level 100X were calculated for the 
selected regenerator-engine combination. 

Engine Configuration 

The regenerative engine shown in Figure 34 is a two shaft engine. Air passes 
through a conventional Inlet 'housing through varluble 'In Vet '’guide ’vanes and 
then through an axial /centrifugal rotor, where it is compressed. The com- 
pressed air passes from the Impeller through a parallel wall radial vaned 
diffuser and Is collected by a T1A1 scroll. The compressor discharge air then 
passes through the high pressure side of either rotating ceramic regenerator 
disk where It Is heated. From the regenerators, the air flows through an H-188 
Lamilloy combustor. 

Fuel Is mixed with the air and burned In the combustor to bring the temperature 
of the fuel/air mixture to 1538*C (2800°F). The-hot gases are discharged Into 
a scroll where the vanes direct the flow to the gasifier turbine. Sufficient 
power Is extracted at this point by the gasifier turbine to meet the require- 
ments of the HP compressor and the engine and aircraft accessories. 

The discharge from the single-stage gasifier turbine Is directed through an 
interturbine duct and vane arrangement to the two-stage power turbine: The 
vanes direct the flow to the power turbine where the power output for various 
applications Is extracted. The flow from the power turbine goes through the 
low pressure side of each of the regenerators to the exhaust. 

The regenerative engine employs two rotating ceramic regenerator disks 40 cm 
(15.7 In.) In diameter and 8 cm (3 In.) thick. The disks are extruded 
aluminum silicate with 426 equilateral triangular holes per square Inch and 
0.02 cm (0.0066 In.) thick walls, resulting In 0.715 open area. Each hole has 
a 0.09 cm (0.036 In.) hydraulic diameter (Inscribed circle). Regenerators op- 
timized for altitude operation require larger holes than those for sea level 
operation where 0.05 cm (0.019 In.) hydraulic diameter is common. Each disk 
weighs 5.6 kg (12.4 lb). 
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TABLE XX. 

SEA LEVEL AND ALTITUDE REGENERATOR PERFORMANCE CERAMIC TRIANGULAR PASSAGE MATRIX. 


AIRFLOW 
INLET EACH OF 

PRESSURE 2 DISKS 
KG/CMMPSIA) (LB/SEC) 

INLET 

TEMPERATURE 
•C CF) 

OUTLET 
TEMPERATURE 
•C (T) 

EFFEC- 

TIVENESS 

% 

■ABSOLUTE 

PRESSURE PRESSURE 
DROP DROP RATIO 

KG/M* (PSD AP/P 

6096m (20,000 FT) 





AIR 5.18 (73.4) 0.47 (1.027) 

GAS OSS (8.24) 0.48(1.0598) 

SEA LEVEL— MAXIMUM 

259 (499) 
769 (1417) 

617(1142) 

447(836) 

70.0 

54.66(0.0776) 0.0011 
604.95 (0.9116) 0.1189 

0.0100 DUCTS 
0.130 TOTAL 

AIR 10.02 (142.6) 0.85 (1 .881 1 ) 

GAS 1.24 (17.7) 0.88 (1.8463) 

322(611) 
921 (1690) 

653(1207) 

629(1165) 

55.2 

60.40 (0.0669) 0.0006 
756.13(1.0740)0.0661 


0.0787 TOTAL 
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Compressor discharge flow is directed through one sector of the disk and tur- 
bine outflow through the remaining sector. The disk matrix absorbs heat from 
the turbine outflow, carries It to the other sector by rotation, and gives it 
up to the compressor discharge flow. The two flows are directed through the 
disk and kept separated by seals running against the disk faces. 

The seals have sheet metal substrates with attached graphite and metal oxide 
wear facings sealing against the rotating disk and metal foil static sealing 
leaves sealing against the engine casing. A regenerator leakage of 5.2% at 
crulsewas used for the selected design. The disk is driven by a surrounding 
ring gear joined to its outer diameter by a cast-in-place elastomer. 

The entire regenerator system Including a portion of engine case weight assign- 
able to the regenerator Is 30.6 kg (67.4 lb). The system provides a thermal 
effectiveness of 70% and pressure drop of 13% at cruise. 
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Wave Rotor Engine Cycle Selection 


For the wave rotor engine cycle, cycle pressure ratios from 15 to 45 were 
studied along with turbine rotor-1 nlet-temperatures from 2200°F to 2800°F. 
Figure 38 shows the parametric cycle analysis trends of specific fuel consump- 
tion and specific horsepower for the range of cycle parameters Invesltaged. 

The optimum wave rotor cycle occurs at Rc - 38 and RIT * 2800°F, as shown In 

Figure 39. 

A possible arrangement of a wave rotor In-line engine using the Comprex system 
is shown schematically In Figure 40 and shown mechanically In Figure 41. The 
wave rotor In-line configuration provides an engine envelope that is stream- 
lined and similar to an existing engine but somewhat longer and heavier with 
the addition of the wave rotor components. Because of the asymmetric inlet 
and outlet ducting of the wave rotor, the In-line configuration is best suited 
to centrifugal compressors and turbines where the swirl of the gases can be 
used to extract the mass flow at discrete locations around the periphery of 
the rotating components In ducts that can be matched to similar ducts on the 
wave rotor. Locations of the two combustors within a streamlined envelope 
configuration may be difficult because of the need to reroute air and combus- 
tion gas around the wave rotor. In order to keep the Comprex system into a 
compact configuration, the following techniques have been employed: 

o the two combustors are placed on the top and bottom of the Comp'rex system 
.to maintain relative short duct connections 

o vaned diffusers are used as the main technique for rapid diffusion of 
existing flows to low velocities in order to shorten the connecting ducts 
o the use of short turning distances permits compact ducting arrangements 
for "the wave rotor Including the upstream and downstream inlets 

The mechanical arrangement shows that air passes through the low pressure com- 
pressor (axial and centrifugal made from rapid solidification technology (RST) 
Al and T1A1 forging, respectively) and the Comprex rotor (made from oxide dis- 
persioned strengthened (ODS) Ni) before entering into the two combustors D Q 
and at station 3. The combustor D Q discharge gas (station 4) passes 
through the Comprex and from there to the power turbine (made from TiAl). The 
combustor D, exit gas at station 5 (with dilution if required) passes through 
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the low pressure turbine made from NIjAl (station 6) and Is mixed with the 
Comprex discharge gas (station 7) before the power turbine (station 8). 

The wave rotor engine Is unique because the single stage LP turbine does not 
produce enough energy to drive the LP compressor under all operating condi- 
tions. A special gearbox located at the engine front Is designed to transfer 
energy from the three-stage power turbine to the LP turbine for driving the LP 
compressor. 

ENGINE CYCLE/CONFIGURATION SELECTION 


Table XXI compares the optimum cycles for each of the 5 configurations Inves- 
tigated. Each of these cycles was optimized using relative direct operating 
cost as the figure of merit. A preliminary analysis was conducted to estab- 
lish the feasibility of these five configurations. 


v 
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TABLE XXL 

SECT OPTIMUM CYCLE COMPARISON. 



BASELINE 

CONCENTRIC 

NONCONCENTWC 

RECUPERATIVE 

REGENERATIVE 

WAVE ROTOf 

Rc 

14 

25 

30 

13 

10 

38 

Rrr— *c(T) 

1204 (2200) 

1538 (2800) 

1538 (2800) 

1538 (2800) 

1538 (2800) 

1538 (2800) 

w • 

5.7 

3.2 

34 

34 

34 

34 

CRUISE SFC 

0412 

0.330 

0427 

0406 

0408 

043 

WEIGHT— KG (LB) 

110 (255) 

58 (124) 

83 (139) 

106 (232) 

102 (224) 

86(157) 

OEM COSTS 

214,932 

111,551 

123,788 

125,808 

180,488 

154,060 

A DOC - % 

BASE 

164 

154 

14 

114 

114 


TE86-4899 
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The design analysis of the concentric engine Indicated that the bore stress in 
the ceramic HP turbine was prohibitive. Moving the HP spool out In th 
nonconcentric type configuration eliminated the regulremen to pa s shaf g 
through the center of the high presure rotor, thus eliminating the 

problem. 

A thorough analysis of the wave rotor type engine was not couplet* ' ^ 

of Task II. The Initial Investigation Into the wave rotor Indicated that the 
1ft power output type was unsuitable for gas Xurblne appllcat ons^ecau e o 
inherent low efficiency as compared to projected compressor efficiency for ye 
2000. On the other hand, the pressure exchanger type wave rotor no s a 
power output) Is mechanically complex due to the required f ow sp ' 
the high pressure turbine. However, recent wave rotor analysis Indie* tes 
the shaft power output device can be made at least as etfic ® n ** * 

jected for year 2000 compressors, as Illustrated In Figure . 

Show! that for corrected exit flows less than 0.41 kg/sec (0.9 lb/sed. he 
efficiency potential of the wav'e rotor exceeds that of the compressor effi- 
ciency assessment for year 2000. At least an additional IX reductio 
would be realized based on the projected Improvement In wave rotor perfor- 
mance. A more detailed study Is required to fully assess the potential of 
wave rotors for year 2000 gas turbine applications. 

Based on these analyses, the nonconcentric engine, recuperative engine and 
regenerative engine were selected for system performance evaluation. The p - 
formance, component selection, dimensional data, for each selected configura- 
tion and reference engine are presented In Table XXII. Table XXII g ves a 
detailed weight and cost breakdown of these three selected configurations. 

The engine cost and appropriate regenerator or recuperator costs are also 

tabulated in Table XXIIA. 


ORIGINAL PAGE IS 

OF POOR QUALITY - 
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TABLE XXII. 

TASK III STUDY ENGINES — DEFINITION AND DATA SUMMARY 



BASELINE ENGINE 

l ADVANCED TECHNOLOGY ENGINES 

ENGINE 

IDENTIFICATION 

CONCENTRIC 
CYCLE ENGINE 

RECUPERATIVE 
CYCLE ENGINE 

REGENERATIVE 
CYCLE ENGINE 

NONCONCENTRIC 
CYCLE ENGINE 

NO. SPOOLS 
L.P. COMPRESSOR 
H.P. COMPRESSOR 
: H.P. TURBINE 
LP. TURBINE 
POWER TURBINE 

1 

CENTRIFUGAL 

AXIAL 

AXIAL 

1 

AXIAUCENTRIF 

AXIAL 

AXIAL 

1 

AXIAL/CENTRIF 

AXIAL 

AXIAL 

2 

AXIAL/CENTRIF 

CENTRIFUGAL 

RADIAL 

RADIAL 

AXIAL 

IRP AT SLSS 
’ 

• RIT, "C (’F) 

• W*. Kg'SEC (LB/SEC) 

• SHP, HP 6.1 KM (20000') 

14 

1204 (2200) 
2.59 (5.7) 
1000 

13 

1538 (2800) 
1.54 (3.4) 
1000 

10 

1536 (2600) 
1.72 (3.8) 
1000 

30 

1538 (2800) 
1.59 (3.5) 
1000 

MAX CRUISE AT 

463 Km "HR TAS (250 KTAS) 

•SHP 

• SFC 

U SFC%) 

562 

0.412 

(BASE) 

560 

0.306 

(-25.7%) 

560 

0.306 

(25.7%) 

560 

0.327 

f~20 

WEIGHT, Kg (LB) 
(A WEIGHT, %) 


■ E3 



MAX LENGTH, CM (IN.) 
MAX HEIGHT, CM (IN.) 
TURB EXIT DIA, CM (IN.) 

87.22 (34.34) 
58.17 (22.90) 
33.07 (13.02) 


pg||g 

Ik 

OEM COST, 1M5 $ 
(A COST, %) 

214,900 

(BASE) 

S 125,600 
(-41.6%) 

160,500 

(-25.3%) 

123,800 

1—49 

LP COMPRESSOR 
W V^ 8 IN 
Wv^ 5 OUT 
RC 
T|AD 

— 

— 


L"** 7 */ 

3.5 

0.7 

7.0 

0.870 

HP COMPRESSOR ' 
Wv'&SIN 
W V?5 5 OUT 
RC 
r,AD 

5.69 

0.57 

14.0 

0.784 

3.4 

0.36 

13 

0.835 

3.8 

0.54 

10 

0.858 

0.7 

0.2 

4.7 

0.802 

HP TURBINE 

w\/e/s 

t)AD 
RPM - 
Re 

0.94 

0.857 

48450 

4.01 

0.67 

0.90 

61000 

2.56 

1.0 

0.903 

49900 

2.17 

0.3 

0.89 

72500 

2.4 

LP TURBINE 

w>/5s 

tjAD 

RPM 

Re 

— 

— 

— 

0.7 

0.903 

47500 

2.0 

POWER TURBINE 

w VGb 

t)AD 

RPM 

Re 

? ~ 

3.45 

0.885 

29277 

3.21 | 

1.57 

0.909 

43900 

4.49 

2.0 

0.912 

36900 

3.80 

M 

B 


TE86-4870 
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V. TASK III. SYSTEM PERFORMANCE EVALUATION 


The purpose of the Task III effort was -to provide at -system performance evalua- 
tion of the Task II selected advanced technology engine configurations against 
the Task I selected baseline or state-of-the-art engine. 

The nonconcentric, recuperative, and regenerative engines were evaluated using 

the Allison mission analysis procedures and ground rules established in Task 

I. Each study engine/tilt-rotor aircraft combination was sized to meet the 

specified design mission. All engines were sized for the cruise rate of climb 

requirement. The unity size engines have the same shaft horsepower (shp) at 

0 

this cruise sizing condition so the critical weight per unit horsepower charac- 
teristic for each engine will trend the weight number shown in Table XXII. The 
mission analysis provided the following: 

o aircraft weight, mission fuel, and DOC breakdowns 
o engine/aircraft sizing Information 

o aircraft acquisition cost, fuel burned, and TOGW comparisons 
o DOC comparisons (primary figure of merit) 

MISSION FUEL . 

Reductions in mission fuel burned are shown relative to the baseline engine 
powered tilt-rotor aircraft in Figure 43. The fuel burn reductions shown In 
Figure 43 are a result of the maximum cruise power specific fuel consumption 
(SFC) characteristics summarized in Table XXII. Table XXIII shows that 86X of 
the mission fuel Is consumed at a power setting that is approximate to maximum 
cruise at the cruise altitude and velocity. The fuel burn reductions Indicated 
In Figure 43 are 30. 7% for recuperator, 30. 5X for regenerator, and 30.11 for 
nonconcentric. All three advanced technology engines achieved the fuel burn 
reduction goal of 301. 

AIRCRAFT WEIGHT 

Aircraft weight breakdown for each study engine/tilt rotor aircraft is shown 
in Table XXIV. The advanced engine weight varies from 2. 81 for the nonconcen- 
tric engine to 4.7X for the recuperative engine whereas the baseline engine 
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TABLE XXIII. 

MISSION FUEL BREAKDOWN COMPARISON 


ENGINE I D. 


I. MISSION PHASE 
START AND WARM-UP 
ALLOWANCE 

•TAKEOFF AND TRANSITION 
ALLOWANCE 
•CLIMB @ 333.3 Km/HR 
1EAS (ISO KEAS) 

•CRUISE @ S.1 Km/463 Km/HR T, 
(20,000 FT/2S0 KTAS) 
•TRANSITION AND LAND 
ALLOWANCES 
SHUT-DOWN ALLOWANCES 
FUEL BURNED 
•RESERVES 
TOTAL FUEL . 

IL ENGINE POWER 

INTERMEDIATE RATED POWER 
MAX CONTINUOUS (APPROX) 
GROUND IDLE 
TOTAL 


BASELINE 


RECUPERATIVE 
CYCLE ENGINE 


REGENERATIVE 
CYCLE ENGINE 


NONCONCENTRIC 
CYCLE ENGINE 


kq 

(LB) 

% 

KB 

(LB) 

1.36 

0) 

0.3 

0.91 

(2) 

16 

(32) 

2.9 

10 

(22) 

52 

(115) 

10.2 

36 

(54) 

273 

(502) 

53.2 

166 

(411) 

12 

(27) 

2.4 

9 

(20) 

0.61 

(2) 

0.2 

0.45 

(D 

354 

(751) 

66.2 

246 

(540) 

157 

(347) 

30.6 

110 

(242) 

511 

(1125) 

100.0 

355 

(752) 

57 

(145) 

13.1 

46 

(105) 

442 

(575) 

86.4 

305 

(573) 

247 

(5) 

0.5 

1.36 

(3) 

512 

(1125) 

100.0 

355 

(752) 



0.2 

0.91 

(2) 

0.2 

0.61 

(2) 

0.2 

a 

10 

(23) 

2.9 

10 

(22) 

24 

10.7 

36 

(57) 

11.1 

36 

(50) 

10.1 

52.6 

165 

(405) 

52.2 

181 

(423) 

53.4 

2.6 

10 

(21) 

2.7 

6 

(15) 

24 

0.1 

0.45 

(D 

0.1 

0.45 

(D 

0.1 

60.0 

246 

(542) 

66.1 

247 

(545) 

664 

31.0 

106 

(241) 

30.6 

112 

(245) 

31.1 

100.0 

355 

(753) 

100.0 

356 

(752) 

1004 

13.6 

50 

(110) 

14.0 

46 

(102) 

124 

66.0 

304 

(570) 

65.6 

312 

(557) 

66.7 

0.4 

1.36 

(3) 

0.4 

1.36 

(3) 

0.4 

100.0 

355 

(753) 

100.0 

356 

(752) 

1004 
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weight is 5’ 21. The fuel weight is in the range of 8.31 to 8.81 for the ad- 
vanced engines and 11.11 for the baseline engine. Figure 44 shows reductions 
in TOGW of 7.71 for the recuperative engine, 8.01 for regenerative engine, and 
11.51 for the nonconcentric engine compared to the baseline engine. The non- 
concentric engine has the largest reduction in TOGW because it has the lowest 
engine weight of the advanced engines. For this mission, all three advanced 
engines had fuel burn reductions of =301. 


COST COMPARISONS 


With the fuel and TOGW trend variations established for the advanced engines, 
aircraft acquisition cost trends shown in Figure 45 will track, with the engine 
original equipment manufacturer (OEM) cost characteristics listed in Table 
XXII. Aircraft cost equals airframe plus engine acquisition cost, where 
airframe cost is a function of airframe weight. The reductions in direct 
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TABLE XXIV. 

AIRCRAFT WEIGHT BREAKDOWN COMPARISON 


ENGINE I.D. 


BASELINE 

ENGINE 


RECUPERATIVE REGENERATIVE 

CYCLE ENGINE CYCLE ENGINE 


NONCONCENTRIC 
CYCLE ENGINE 


BARE ENGINE WEIGHT 
PROPULSION GROUP (LESS 
ENGINE WEIGHT) 
STRUCTURE GROUP 
FIXED EQUIPMENT 
•MFC EMPTY WEIGHT 
USEFUL LOAD 

"OPERATING EMPTY WEIGHT 
PAYLOAD (• PASS. @ 

•1 KG (200 LB) EA 
•ZERO FUEL WEIGHT 
FUEL (USABLE) 

•TOGW 


Kg 

(LB) 

6 

% 

Kg 

(LB) 

% 

*9 

(LB) 

n 

*9 

(LB) 

% 

239 

(526) 

5.2 

200 

(442) 

4.7 

193 

(426) 

1 

114 

(252) 

2.6 

936 

(»63) 

20.3 

653 

(I960) 

20.0 

647 

(1666) 

19.9 

793 

(1746) 

19.4 

1014 

(2236) 

21.9 

973 

(2144) 

22.6 

971 

(2140) 


952 

(2096) 

23.3 

967 

(2131) 

20.9 

939 

(2070) 

22.1 

937 

(2066) 

22.1 

925 

(2040) 

22.6 

3156 

(6956) 

66.3 

2965 

(9536) 

69.6 

2946 

(•900) 

69.4 

2764 

(9136) 

66.1 

224 

(494) 

'4.9 

*219 

1462) 

5.1 

“219 

(462) 

*6.1 

“216 

*(460) 

53 

3360 

(7452) 


3164 

(7016) 


3167 

(6662) 


3002 

(9616) 


726 

(1900) 

15.7 

726 

(1900) 

17.0 

726 

(1900) 

17.1 

726 

(1600) 

174 

4106 

(9052) 


3910 

(9618) 


3693 

(9562) 


3726 

(9218) 


512 

(1126) 

11.1 

355 

(762) 

■71 

355 

(793) 

6.4 

! 359 

(792) 

64 

4616 

(10,160) 

100.0 

4265 

> (9400) 

100.0 1 

4246 

(9395) 

100.0 

4067 

(9010) 

100.0 
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operating cost (DOC) for the advanced engines are shown In Figure 46 for $ 1 /gal 
and $2/gal fuel cost. The direct operating cost (DOC) trends shown in Figure 
46 track with the aircraft acquisition cost trends. This conclusion is con- 
firmed by examination of the DOC cost breakdown comparison tabulated in Table 
XXV. The- fuel and oil effect on ADOC for this mission is -2% for all ad- 
vanced engines. The two largest cost components. Insurance and depreciation, 
are direct functions of aircraft acquisition cost. A more detailed breakdown 
for DOC is- shown in Table XXVI for the baseline and nonconcentrlc engine. Only 
22% of the advanced engine/tilt roto-r aircraft DOC was influenced by engine 
characteristics. 

ENGINE SELECTION 

Table XXVII presents a summary of the mission results. The nonconcentrlc en- - 
gine was selected because it has the greatest reduction in DOC relative to the 
baseline. The reduction In DOC is 16.5% for $1 /gal fuel cost and 17.4% for 
$2/gal fuel cost. Figure 47 shows a general arrangement of the nonconcentrlc 
engine. Table XXVIII provides a Cycle summary of this engine at sea level and 
at the 20,000 ft altitude cruise condition. 
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TABLE XXV. 

DOC COMPARISON — S/BLK HR 



DOC @ 0.26 $/L (1.00 S/GAL) AND 1000 HR/YEAR 


ENGINE ID 

BASELINE 

RECUPERATIVE 
CYCLE ENGINE 

REGENERATIVE 
CYCLE ENGINE 

NONCONCENTRIC 
CYCLE ENGINE 

FUEL AND (XL 
INSURANCE 
* A/C MAINTENANCE 
ENGINE MAINTENANCE 
DEPRECIATION 
FLIGHT CREW 

TOTAL * 

(A DOC, %) 

80 

359 

235 

91 

357 

63 

1185 

(BASE) 

56 

308 

£15 

87 

304 

63 

1033 

(-12.8%) 

56 

319 

214 

89 

315 

63 

1056 

(-10.9%) 

56 

296 

203 

76 

293 

63 

969 

(-16.5%) 



TABLE XXVI 

DOC BREAKDOWN— S/BLK HR 


0.26$ /L (1 .00 $/GAL) AND 1000 HR UTILIZATION 


* 

BASELINE POWERED 
TILT-ROTOR 

NONCONCENTRIC PO 
TILT-ROTOR 

WERED 

FUEL AND OIL 
INSURANCE 

AIRCRAFT MAINTENANCE 
ENGINE MAINTENANCE 
DEPRECIATION 
FLIGHT CREW 
TOTALS = 

(%TOTAL DOC) 

AIRCRAFT 't ENGINE ► 

TOTAL 
A/C 4- ENG 

AIRCRAFT ♦ ENGINE*- 

TOTAL 
A/C ♦ ENG 

279.36 (23.6%) 
235.32 (19.6%) 

274.37 (23.2%) 
63.00 (5.3%) 

852.05 

(71.9%) 

79.77 (6.7%) 
79.87 (6.7%) 

91.31 (7.8%) 
82.01 (6.9%) 

332.96 

(28.1%) 

79.77 

359.23 

235.32 

91.31 

356.38 

63.00 

1185.01 

(100%) 

255.57 (25.8%) 
203.14 (20.5%) 

251.00 (25.4%) 
63.00 (6.4%) 
772.71 
(76.1%) 

56.06 (5.7%) 
40.25 (4.1%) 

78.41 (7.9%) 
41.34 (4.2%) 

216.06 
(21.9%) 

56.06 

295.82 

203.14 

78.41 

292.34 

63.00 

968.77 

(100%) 

4«orr 
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TABLE XXVII 

TASK III SUMMARY OF MISSION RESULTS 


ENGINE 

IDENTIFICATION 


TOGW 

SHP/ENGINE <§> IRPBL5S 
ROTOR DIAMETER 




@ 0.61 Km/0 KM/HR 
TA8/ISA + KTC IRP-AEO 
(2000 FT/0 KT AS/ISA + SOT IRP-AEO) 
•OEI R OF C CAP ABILITY 
@ 0.30 Km/136.9 KitvHR 
TAS/fSA + 20*C 
(1000 FT/75 KT AS/ISA + 68T) 

30 MIN POWER -OEI 
•CRUISE R OF C CAPABILITY 
@ 6.1 Km/463 Km/HR TAS/tSA 
(20,000 FT/250 KTAS/ISA) 

MAX CONTINUOUS POWER 


TOTAL FUEL (MISSION + RESERVES) 
BLOCK FUEL 


ENGINE A 
TOTAL AIRCRAFT ACO COST 


DOC @ 0.26 S/UTER (1.00 S/GAL) 
ANO 1000 HR 

DOC @ 0.53 i/UTER (2.00 6/GAL) 
AND 1000 HR 


BASELINE ENGINE 


RECUPERATIVE 
CYCLE ENGINE 




REGENERATIVE 
CYCLE ENGINE 




NONCONCENTRIC 
CYCLE ENGINE 


(-11.5%) 



hok»mk:i4i 




355 (783) 

246 (543) (-30.5% 


$2.99 MILLION 


1165 6/BLK HR 


1264 6/BLK HR 



lEElt 

imi 


-30.1% 


(- 12 . 0 %) 


(-10.9%) 



(- 10 . 8 %) 


(-14.0%)| 1111 I ( - 12.1%) I 1044 (-17.4%) 
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For the nonconcentric engine, the effects of SFC, weight, maximum envelope 
length, maximum envelope height, and OEM cost on TOGW and DOC was determined. 
Figure 48 Indicates engine specific fuel consumption (SFC) to have the largest 
effect on direct operating cost (DOC) followed by original equipment manufac- 
turer (OEM) cost. Changes in envelope dimension are shown to have a relatively 
small effect on DOC with respect to a 101 change in either length or height 
requirements. The TOGW and DOC sensitivity levels developed for the advanced 
technology engine in Task III are significantly lower (30 to 601) than those 
obtained from the baseline or current technology engine in Task I (see Figures 
11 and 12). 

In addition to the sensitivities developed with respect to changes In engine 
characteristics, DOC sensitivity to variations In fuel cost and aircraft util- 
ization rate is shown in Figure 49 for the nonconcentric engine powered tilt- 
rotor. These data indicate significant reductions in DOC for the increased 
utilization rate (1000 to 2000 hr/year) and a much larger influence on DOC for 
increased fuel cost at the higher utilization level. 


fit 
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•WB6J5ST 


20 000 FT/250 KTAS 

maximum cruise 


OVERALL 

SHP 

SFC 

Rurn 

Ro/ A 

LP COMPRESSOR 

wVe/6 

Rc 

‘HAD 

HP COMPRESSOR 
wVe/5 
Rc 
'HAD 

HP TURBINE 

wVe/8 

Re 

AD 

LP TURBINE 

wVe/8 

Re 

'HAD 

POWER TURBINE 

wVe/8 

Re 
■HAD 


r«TAi CHARGEABLE cooling a leakage 
total pressure drop LOSS 


1000 

0.352 

2800 

30 


3.5 

7.0 

0.870 

0.7 

4.7 

0.802 


1.3 

5.5 

0.907 


5.3% 

15.9% 


580 

0.327 

2600 

32.6 


3.7 

7.4 

0.861 

0.7 

4.8 

0.802 


0.3 


0.3 

2.4 

2.4 

0.89 

0.890 

# 


"" 

0.7 

0.7 

2.0 

2.0 

0.903 

0.903 



1.3 

6.5 

0.904 


5.3% 

16.8% 


<1 

’A 
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vi. TASK IV. SMALL ENGINE COMPONENT TECHNOLOGY PLAN 


The main objective of Task IV was to identify the technology requirements and 
provide a technology plan for year 2000 advanced small engine components. This 
section describes a technology plan for the selected advanced non-concentrlc 
engine, as shown In Figure 47. This engine achieves significantly reduced 
specific fuel consumption (SFC) levels by combining high cycle pressure ratio 
and high turbine Inlet temperature in a three-spool configuration. The engine 
configuration offers advantages with regard to aerodynamtcs , “flow irath 
dimensions, bore stresses, a simple accessory arrangement, and reduced seal 
and bearing diameters. 

* 

Based on the Task III trade-off study, a list of the key technology require- 
ments for the nonconcentric engine Is given In Table XXIX, along with its 
direct operating cost (DOC) payoff. The nonmetal lie structure results in a 
7.0% reduction in DOC because It allows the turbine to operate at 1538°C 
(2800°F) rotor inlet temperature (RIT). A 2.5% improvement in DOC occurs due 
to the use of the uncooled turbine. Advanced aerodynamics^ required for year 
2000 in order of priority are turbine, compressor, and combustor. Bearings 
technology is required for Increased reliability and durability. Technology 
plans for each of these areas will be described in this section. 


TABLE XXIX. 

NONCONCENTRIC ENGINE ADVANCED TECHNOLOGY REQUIREMENTS. 



REQUIREMENT 

DOC PAYOFF 

CERAMICS 

2800°F 

7.0% 


UNCOOLED TURBINES 

2.5% 

TURBINE 

YEAR 2000 EFFICIENCY 

2.8% 

COMPRESSOR 

YEAR 2000 EFFICIENCY 

2.3% 

COMBUSTOR 

IMPROVE PATTERN FACTOR FROM 0.2 TO 0.12 

1.5% 

BEARINGS 

INCREASED RELIABILITY 



INCREASED DURABILITY 
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CERAMICS TECHNOLOGY PLAN 


Significant Improvements In the performance characteristics of advanced gas 
turbine engines are directly related to the development of high temperature 
materials and components. Current N1 based superalloys used in rotating and 
static high temperature structures have limitations due to high fabrication 
cost, low strength at elevated temperatures, high strategic materials content 
(cobalt and chromium), and added complexity for required air cooling. Exten- 
sive work Is ijeing 'performed "on -the 'development '■of edvanc-ed structural ceramics 
that offer numerous potential benefits (high temperature strength, low density, 
and no strategic materials content). While the potential advantages offered 
by the Incorporation of ceramics in advanced gas turbine engines are attractive 
in a variety of components, including ceramic combustors, regenerators, 
plenums, vanes, and Insulating members, the maximum benefits are realized in 
the high pressure (HP) radial turbine rotor. The use of advanced ceramic 
materials in the HP radial turbine rotor application offer significant improve- 
ments in performance and fuel consumption by allowing uncooled operation at 
turbine Inlet temperatures of 2800 # F and anticipated life capability in excess 
of 1000 hrs . However, this also is the highest risk component due to the 
severe mechanical and thermal operating environment. While considerable pro- 
gress has been achieved on the use of structural ceramic components in gas 
turbine engines, a significant effort is required for successful application 
of ceramics to the HP rotor in the SECT engine. The objectives of the proposed 
program include definition and evolution of ceramic material systems and rotor 
fabrication techniques capable of high speed operation at temperatures of 
28Q0*F, which demonstrate improved toughness/impact resistance, reduced prop- 
erty variability, increased reliability, and life capability in excess of 1000 
hrs. The approaches required to achieve these objectives include material and 
component evolution/characterization, ceramic/ceramic and ceramic/metal inter- 
face and compatibility definition, nondestructive flaw detection techniques 
development, and component rlg/englne environment testing and evaluation. The 
ceramic technology programs are shown in Figure 50. 

Material Development and Characterization 

The primary candidate monolithic ceramic materials for use in advanced heat 
engines are silicon carbide (SiC), silicon nitrade (Si 3 N 4 ), and partially 
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stabilized zlrconla (PSZ). The fracture strength of these materials as a func- 
tion of temperature Is shown In Figure 51. While the PSZ and SI 3 N 4 
materials have higher room temperature .strengths -than SIC, PSZ and Si 3 N 4 
suffer degradations In strength and susceptibility to oxidation at temperatures 
above 1000-1 200*C. The SIC retains Its room temperature properties to approxi- 
mately 1500*C. 

A number of ceramic suppliers are actively pursuing the development of sintered 
S1 jN 4 , which features Improved elevated temperature strength characteris- 
tics. Kyocera has a developmental SI material (SN-270), currently 
available only In test bar form, that maintains a strength of 100 lb/1n. 2 
(ksl) at a temperature of 1400*C. SIC and S1 3 N 4 are considered prime 
monolithic ceramic material candidates for application In the severe operating 
environment (2800*F uncooled) of the HP rotor In the SECT engine. Allison has 
had extensive experience and successful test results with both SIC and 
SI 3 N 4 complex geometry components produced by a variety of fabrication 
techniques (Injection molding, slip-casting, and Isostatic pressing) for the 
CATE and advanced gas turbine (AGT) 100 programs. 

However, current monolithic ceramics have a major limitation-inherent brittle- 
ness that can lead to catastrophic failure. This limitation Is a major concern 
for high speed rotating components, particularly for application to manrated 
advanced gas turbine engines. 

To address the material limitations of both metallic superalloys and monolithic 
ceramics, a variety of composite materials systems are being evaluated. These 
materials (e.g., carbon/carbon, SIC/SIC, and SiC/glass-ceramlc) have demon- 
strated improvements In fracture strength, thermal shock resistance, fracture 
roughness, and strain tolerance. Carbon/carbon materials, while attractive 
for extremely high temperature applications, are limited by a lack of oxidation 
resistance and are totally dependent on advanced protective coatings. Since 
these coatings consist of a thick monolithic ceramic (e.g., SIC), this material 
system as applied to many component structures suffers the same short-comings 
as silicon-based monolithic ceramics. The most attractive composite materials 
are ceramic/ceramic systems that use silicon carbide as a reinforcing fiber. 
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During the last decade, an extensive ceramic composite materials development 
effort has been conducted using high-modules SiC Nicalon continuous fiber in 
low modulus glass or glass-ceramic matrices. The first generation of these 
materials was developed using borosilicate glass matrix. Subsequently, a 
family of more refractory composite materials was developed based on Corning 
lithium-aluminosilicate (LAS) glass-ceramic matrix. Both United Technology 
Research Center (UTRC) and Corning Glass Works (CGW) have been actively de- 
veloping SiC fiber reinforced/LAS composite systems. However, refractory 
glass-ceramic composites experience rapid increases in the matrix viscosity at 
temperatures in excess of 1250*C. resulting in the fiber/matrix debonding and 
loss of component structural integrity. This temperature limitation of current 
SlC/glass-ceramic materials restricts the maximum component temperature to ap- 
proximately 1 200-1 300 # C, precluding the application of this material to the 
extreme thermal conditions that are required of the SECT HP turbine rotor. 


SIC/SI C composites are commercially available from Amercom in the USA and SEP 
(Societe Europeenne de Propulsion) in France. Amercom is In a preliminary 
stage of development of these composites while SEP is currently marketing both 
one-dimensional and multidimensional composites. This material uses Nicalon 
SIC fiber reinforced In SIC matrix. The fibers are coated with up to four 
layers of chemical vapor deposition (CVD) SIC coating. The material is 
toughened by. developing a weak Interfacial bond between the SiC fiber and the 
first SVD SIC layer. The room temperature strength of the 0/0 orientation SEP 
CERASEP SIC/SIC material is about 62,000 lb/in. which. decreased to 35,000 
lb/1 n at temperatures of 1,250-1500®C. This behavior Is consistent with 
the expected behavior of Nicalon fiber, whose properties are thought to degrade 
approximately 1250°C. Unlike SIC/borlum magnesium aluminosilicate (BMAS) cer- 
amic composite where the matrix viscosity Increases rapidly over 1250*C, SIC/ 
SIC composites appear to retain reasonable strength levels up to 1500*C. The 
room temperature strength of 0/0 orientation after 100 hrs of Isothermal expo- 
sure in air at 1500*C was 33,000 Ib/in. . 


The Nicalon SIC fibers are thought to consist of microcrystalline beta silicon 
carbide, graphite, and amorphous silica, but they may also have homogeneous 
structure. Upon heating above 1250 # C, the fibers lose carbon monoxide and un- 
dergo coarsening of the silicon carbide grains. This quickly leads to brittle 

ness and loss of strength. 
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To address this temperature limitation. Defense Advanced Research Projects 
Agency (DARPA) is conducting the advanced ceramics based on polymer processing 
program at Dow Corning. The goal of this program Is the development of an 
economical. Improved SIC fiber from a domestic supplier with higher strengths, 
fewer Impurities, and a higher temperature capability than current fibers. 

While these fibers are currently under development and not commercially avail- 
able, It Is anticipated that future ceramic/ceramic composites will feature 
significant Improvements In strength, toughness, and maximum use temperature. 

A complete characterization of the mechanical, physical, and chemical proper- 
ties of candidate ceramic materials Is required to obtain structurally sound 
ceramic turbine components. This program consists of five subtasks: 

o generation of material properties. Including thermal expansion, thermal 
conductivity, specific heat, elastic modulus, Poisson's ratio, and strength 
characteristics, required to employ a linear elastic probabilistic approach 
to structural design. 

o generation of time dependent properties. Including thermal fatigue, creep, 
and crack propagation characteristics, with emphasis on the probabilistic 
nature of these properties. 

o evaluation of environmental effects. Including oxidation, hot corrosion, 
and erosion, that could cause property degradation of candidate materials 
during, long-term use. 

o development of the relationship between material structure and mechanical 
properties with special emphasis on establishing the size, type, and dis- 
tribution of strength limiting defects. 

o development of a high resolution Inspection technique to detect critical 
size defects In candidate ceramic materials. 

Ceramic/Ceramic and Ceramic/Metal Interactions and Compatibility 

A critical element required for the successful application of ceramics and 
ceramic composites Is an understanding of the compatibility of ceramic/ceramic 
and ceramic/metal Interfaces and the possible Interatlons between these 
materials. While little published literature exists on this phenomenon per- 
taining strictly to ceramic composites, this class of materials will exhibit 
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much of the same behavior and problem areas associated with monolithic struc- 
tural ceramics. The high temperature operation of the ceramic components re- 
quired to use full material capability can result in wear, adhesion, and in- 
teractions with adjacent structures, both metallic and nonmetallic. Garrett 
in the Ceramic Gas Turbine Engine Program used both compliant layers (HS-25) 
and lubricants (CoO) to minimize contact loading and reactions between re- 
action-bonded silicon nitride and other materials. Allison has successfully 
used both compliant layers (L605) and high temperature lubricants (boron 
•nitride) In the 'CATEprogram for "the attachment tretween "the S\C turbine blade 
and the turbine wheel. The L605-BN combination demonstrated uniform loading 
and prevented reactions during spin testing to 2500 cycles. The high tempera- 
ture of the ceramic may also create problems for secondary metal components. 

The temperature of the ceramic often exceeds the temperature capability of the 
metal, and the close proximity of the hot ceramic can cause unacceptable ther- 
mal gradients. Thermal barrier materials will be used at strategic locations, 
both for ceramic/ceramic and ceramic/metal Interfaces. Candidate thermal bar- 
rier materials need to have low thermal conductivity, adequate strength, com- 
patible thermal expansion, and the capability or being produced In proper sizes 
and shapes. Thermal barrier materials currently being developed and used are 
zlrconla, zircon, mullite, and cordierite. 

* 

One of the configurations that will be considered for the HP turbine rotor 
Involves the use of a monolithic ceramic hub section for strength and fabri- 
cablllty and a ceramic composite blade section. for Increased fracture tough- 
ness and Impact resistance. Considerable effort Is required to Identify and 
characterize the optimum joining technique for attaching the monolithic hub to 
the composite blade structure. Various methods suitable for this attachment 
Include brazing, high temperature glass bending, diffusion bonding, and hot 
Isostatic pressing. Evaluation of the attachment joint would Include specimen 
testing, subcomponent element testing, and characterization and spin testing 
of the full scale hardware. 

Nondestructive Evaluation 

Since ceramic materials are highly probabilistic In nature, design stresses 
are very sensitive to material property variability. An extensive quality 
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assurance program Is therefore essential to the successful use of ceramic 
material in gas turbine engines. This program has two primary objectives: 

o reduction of property variability 

o early rejection of defective components 

There are two distinct types of mlcrostructural defects that control ceramic 
component performance In high reliability applications. The first type of de- 
fect is small in degree i>ut very large in extent, i -variations in chemistry, 
grain size, and density. Such defects significantly affect both thermal and 
elastic properties as well as strength-related characteristics. The second 
type of defect Is large in degree but very small In extent l.e., cracks, pores, 
and Inclusions in the size range below 100 microns. Such defects primarily 
control material strength. In view of (1) the limitations associated with 
available quality assurance measures and (2) the high levels of reliability 
required In a commercial 1000 hr gas turbine engine, it Is clear that more 
sensitive nondestructive evaluation (NDE) techniques are-required. 

Normal nondestructive techniques can be used to find gross cracks, voids, and 
Inclusions. The techniques used are well known and require little adaptation 
for use with ceramic materials. However, the resolution ilmlts of these tech- 
niques are above the critical flaw size (10-100 microns) for ceramic materials. 
Therefore, Inspection techniques with Increased resolution are required. The 
following NDE techniques will be investigated: ultrasonic velocity, reflective 
ultrasound, scanning photoacoustic, microscopy, and X-ray microradiography. 

Rig/Engine Environment Testing 

For the successful application of ceramic components in advanced gas turbine 
engines, particularly In the severe operating conditions of the SECT HP turbine 
rotor, testing must be conducted on components that represent a production 
manufacturing process and a corresponding design for which analysis predicts an 
acceptable reliability level. However, defects as small as 20 microns ca;n con- 
trol the material critical strength. No existing NDE technique can reliably 
detect such flaws. Therefore, proof testing Is required to Identify flawed 
components and to qualify rotors for subsequent engine testing until advanced 
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methods are available. For the SECT HP rotor, the following rig qualification 
tests will be conducted: 

O spin testing at room and elevated temperature 
0 cold flow rig testing 
o hot flow rig testing 
o vibration bench testing 
o thermal shock testing (fluidized bed) 

engine testing and evaluation .111 be 

acterlze performance, fuel consumption. “” p °" methodology. An engine 

characteristics, and verification of desl, >" " n ’ temperature will be 
test program with Incrementally Increasing ‘ " and t0 ad _ 

conducted to capitalize on Thls appro ach permits 

vance the state of the a baseline program and yields 

early Introduction of ceramic componenloe' 9 

an improved gas turbine engine capability In the latter 


AXIAL TURBINE TECHNOLOGY PLAN 
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flow rate (physical size) was reduced. The SECT program aero goal reflects a 
3.31 increase in efficiency for the power turbine as compared to current state- 
of-the-art technology. The achievement of the SECT turbine efficiency goal 
will be realized through a variety of technology advancements. A major portion 
will be achieved through significant advancements in the area of turbine aero- 
dynamics. Other performance improvements will be derived from technology areas 
such as computational fluid mechanics, material science, casting technology, 
ceramics, and innovative mechanical design concepts. 

A brief aerodynamic description of the two stage axial flow power turbine for 
nonconcentric engine configuration, discussion of the various technology areas 
that will contribute toward the achievement of the SECT year 2000 turbine 
efficiency goals, and a description of the various turbine aero key technology 
programs are presented in the following sections. 


Power Turbine Description 


f 

The power turbine for the selected SECT engine is a two stage axial flow de- 
sign. The aerodynamic design point for the power turbine is tabulated below 


o inlet equivalent flow rate, W/e cr e/6 
o total /total expansion ratio, R eTT 
o overall, equivalent work, Ah/0 cr 
o rotational speed, N 
o total /total efficiency, n TT 

The power turbine has an average stage load coefficient (gOAh/U m 2) of 1.62 
and an average flow coefficient <yu m > of 0.44, at aero design point 
conditions. At this same match point, the power turbine has an exit Mach num 
ber of 0.42 and 19 degrees of exit swirl (measured from. axial) In a direction 
opposite to rotation. The last blade has an exit AN 2 (annulus area x rota- 
tional speed squared) value of 5.6 x 10 10 in. 2 rpm 2 and hub/tip diameter 
ratio of 0.66. The power split ratio between the power turbine first and 

second stage Is 51/49. 


1.31 lbm/sec 
5.5 

45.6 Btu/lbm 
44550 rpm 
‘ 90. 7X 
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Technology Areas 

. finu turbines cannot be 

The efficiency levels --nstrated foe SECT prog ram. This 

maintained for the small size aero(Jynam1c similarity In such parameters 

Is due to the Inability to ma n layer tM cknesses , and Reynolds 

as Inlet turbulence level, en wa facturlng tolerances prohibit the 

number. Fabrication constraints and ""“ f r “‘'J r ' t ^ ck ° ess/ch ord ratio, trailing 
scaling of physical parameters such as * J w d eurface roughness. As 

'edge -thVcfcness , E turbl ne blading generally has higher trailing 

SJIpT; \r^^"t,os than larger counterparts. 

in order to Identify the areas of technology^hat^ni det erm1ned 

offs, an assessment of the various sourc nt state -of-the-art design 

for the baseline SECT power turbine , as sum ^ p , rfortBnte model of Kacker 

technology. This study was con u losses ( s Illustrated In Figure 53. 

and Okapuu. A breakdown of t * ur . " ff1c1ency ar 1ses from secondary flow 
The predominate source of aer “^ a " , nd shro uded blade tip clearance 

losses (451), followed by » rof,1 *’“‘ , osses . 1n terms of a total pressure 

(221) losses. The magnitude o ^ The cross . ha tched area denotes 

loss coefficient <») Is shown In g t0 be achieved by the SECT 

the goal reduction In the of these , os s reductions will enable 

key technology programs. . $ECT ge ji efficiency, 

the small axial flow power turbine to meet the 9 

^P prnach/TechnologyP jan 

The proposed technology programs f ° f t ^ anllytlcal efforts. 

- "T“„ Z T- ST. - 

These programs systematica y Dro f11e and tip clearance losses. 
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Vane Tip Endwall Mechanical Sculpturing 


Stator endwall contour geometries that are axl symmetric about the engine cen- 
terline have been experimentally shown to be an effective method of reducing 
stator secondary flow losses. Stator tip contours of this description are 
widely used In modern HP turbines. This experimental program Is designed to 
assess the benefits of stator tip endwall contours In the meridional direction 
that are not surfaces of revolution. 

The approach Involves five basic phases Including the following: 

1. analytical 

2. design and fabrication 

3. stator annular cascade test 

4. full stage test 

5. data reduction and analysis 

During the analytical phase, a currently available 3-D Invlscld code will be 
revised to handle the passage flow analysis for a stator -whose endwalls are 
not surfaces of revolution. This model will be employed to evaluate candidate 
contour configurations. The selected tip endwall contour will be Incorporated 
In the stator assembly of an existing small turbine rtg. , 

The Initial test phase will Involve the aero evaluation of this concept using 
a full annular cascade. The test plan will consist of radial/circumferential 
(r,e) surveys over a broad range of expansion rati os . On completion of the 
cascade test, the rotor assembly will be Installed and complete stage perform- 
ance mapping will be conducted. In addition, rotor exit (r,0) surveys will 
be performed at selected overall expansion ratios. The data reduction and 
analysis phase Includes comparing the annular .cascade and full stage aero data 
with available data featuring the use of conventional stator endwall contours 
that are surfaces of revolution. This analysis procedure will Involve compar- 
ing stator exit loss contours and overall stage performance maps. 


Endwall Boundary Layer Control 


Efficiency Improvement Is expected to result from stator endwall boundary layer 
control. The work of Stewart and Wong (reported In NASA RME55E11 entitled 
"Removal of Secondary-Flow Accommodations In a Two-Dimensional Turbine Nozzle 
Passage by Boundary Layer Bleed") shows that the removal of endwall secondary 
flow produces an extremely clean flow field Into the downstream rotor. This 
will have a favorable Impact on the vane blade Interatlon losses and allow the 
rotor to operate more efficiently. 

This experimental program Is designed to determine the aero losses associated 
with the vane secondary flows by altering the character of the end-wall bound- 
ary layer using bleed and blowing at selected locations. The approach to be 
used in this program consists of five basic phases. Including: 

1. 2-D cascade evaluation of candidate endwall boundary layer bleed and blow 
concepts 

2. full annular cascade tests of boundary layer control geometries selected 
from Phase 1 

3. single stage turbine test to assess benefits of stator endwall bleed 

4. two stage turbine test to measure performance Improvement using first 
stage vane bleed In combination with second vane blowing 

5. data reduction and analysis 

In each of the test phases, a complete aerodynamic evaluation will be performed 
including the development of loss contour maps and turbine performance maps, 
wherever appropriate. The two stage turbine rig test will use the first vane 
low momentum endwall bleed as a source of air to energize the second vane end- 
wall boundary layer. This unique concept will provide a more uniform flow 
field Into both rotors. 

Optimized 3-D Blading 

The availability of the 3-D viscous airfoil passage flow analysis will provide 
the turbine aero designer with the ability to analytically assess the benefits 
of nonconventional blading exhibiting extensive 3-D passage geometries. 
Furthermore, this analysis model will lead to the optimum definition of the 
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radial distributions of such aero parameters of stage work, reaction, and turn- 
ing distribution. This approach Is contrasted with the current turbine design 
methodology where the velocity diagrams are first generated and then airfoil 
contours are designed to provide the defined vane/blade exit flow field. 

This experimental program Is structured to demonstrate the efficiency Improve- 
ment that will be provided using a 3-D viscous flow analysis to define the com- 
plete vane and blade passage geometry for a small turbine rig. The approach is 
to employ an existing small turbine rig that was designed using conventional 
2-D design analysis tools as a baseline. The turbine rig will be redesigned 
using 3-D viscous analysis tools to define the optimum vane and blade passage 
(radial distribution of airfoil throats and 3-D stacking). The redesigned tur- 
bine will maintain the baseline turbine overall stage work and reaction. This 
turbine will be fabricated and tested and Its performance compared to the base- 
line design. 

The major thrust of this program Is to demonstrate the performance that will 
be provided by the availability of an advanced 3-D viscous flow analysis model. 
The improved understanding of the viscous flow losses'ln a small axial flow 
turbine will be paramount to the achievement of SECT performance goals. 

3-D Viscous Flow Model Verification Tests * 

Bench mark experimental data will be required for the verification and upgrad- 
ing of the subsonic and transonic 3-D viscous flow analysis. This effort Is 
an extension of the work conducted at NASA Lewis by Seaholtz and Goldman, which 
employed a constant section annular stator assembly with constant diameter hub 
and tip endwalls. The program approach Involves the design and fabrication of 
a stator annular cascade that establishes a strong 3-D flow field (nonconstant 
section airfoil, 3— D stack, and tip endwall contouring). The test procedure 
will Involve detailed static pressure mapping along the vane and endwall sur- 
faces. Vane-to-vane flow field velocity measurements will be conducted at near 
hub, mean, and tip spanwlse locations for a series of selected chordal posi- 
tions. This program will provide a valuable experimental data base for the 
critical verification of the airfoil passage 3-D, viscous flow analysis model. 
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Surface Finish/Reynolds Number Effects 


ORIGINAL PAGE IS 

OF POOR QUALITY 


This effort Is structured to experimentally evaluate the effects of rotor blade 
surface finish and Reynolds number on the small axial flow turbine stage ef- 
ficiency. This program complements, and is a logical extension of, the work 
conducted by Avco Lycoming (ref 17). It is anticipated that the results re- 
ported for the stator will be altered due to the different character of the 
boundary layer In this airfoil row. The test program will employ an existing 
small axial turbine rig to assess the effects of rotor surface finish over a 
broad range of inlet Reynolds numbers and overall expansion ratios. The pro- 
posed test plan will evaluate a total of three surface finishes. Performance 
mapping will be generated for each of four inlet Reynolds numbers. These re- 
sults will provide a valuable Insight relative to the effects of surface finish 
on the reduction of small rotor blade profile loss and how It is altered by 
Reynolds number. 

Optimized Vane and Blade Aero Loading Distributions 

* 

This program involves the analytical assessment of the impact of inlet turbu- 
lence level and Reynolds number on the optimum vane and blade surface velocity 
distributions. This task Is an analytical extension of the work conducted ex- 
perimentally under the NASA funded effort (ref 18). The turbine airfoil 
optimization program combines the following design modules with an 
optimization algorithm: 

o airfoil section generator 
o 2-D inviscid blade-to-blade code 
o airfoil surface boundary layer analysis 
o airfoil profile loss model 

In general, the optimization procedure minimizes (maximizes) an objective pay- 
off function to a number of constraints. These constraints are formulated so 
that the airfoil maintains the velocity triangles and meets certain design 
criteria. The relevent criteria employed in this investigation will be the 
minimization of the airfoil fully mixed profile loss coefficient. The airfoil 
optimization model will be exercised over a broad range of inlet Reynolds num- 
bers and turbulence levels characteristic of those encountered in small axial 
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flow turbine stages. It is anticipated these variables will have a significant 
impact on the airfoil optimum aerodynamic loading distribution and will comple- 

3 

ment the work conducted under NASA E (ref 18), which addressed higher Rey- 
nolds numbers and lower inlet turbulence levels. 

Turbine Rig Technology 

This program will verify the SECT efficiency goals for the two stage power tur- 
bine to be incorporated in the selected nonconcentric engine. The technolo- 
gies, derived from the above key technology programs, will be employed in the 
aero design of this advanced small axial flow turbine. The turbine will be 
tested in an engine environment and will feature the use of a continuous, free 
floating ceramic blade shroud, and ceramic vanes and blades. 

Summary 

The achievement of the SECT axial turbine efficiency goals will be realized 
through a variety of technology advancements. A major portion of this effici- 

4 

ency gain will be achieved through improved aerodynamics, as provided by key 
technology programs, along with the advanced analytical techniques. Advance- 
ments in other areas, such as material science, casting technology, and 
ceramics, in conjunction with Innovative mechanical design concepts, will con- 
tribute toward meeting year 2000 efficiency goals. 

RADIAL TURBINE TECHNOLOGY PLAN 

f 

The low flow capacity requirements of a small high pressure ratio engine with 
acceptable speed requirements and corresponding stress levels lead to the se- 
lection of radial Inflow turbines. The radial turbine's high work per stage 
capability and reduced sensitivity to clearance effects, relative to a com- 
parable designed axial stage gives this configuration the potential for. 
superior efficiency characteristics. In terms of aerodynamic considerations, 
reduced passage widths (small blade heights) are a strong driver for the 
selection of a radial turbine. 

Current technology in radial turbine design yields adiabatic efficiency levels 
shown in Figure 56. Goals set for technology programs are shown for both the 
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low and high pressure turbines and reflect an efficiency Improvement of 3.01 
over current technology. 

The results of a loss breakdown study for the design point of the high pres- 
sure radial turbine Is shown In Figure 57. The aerodynamic losses within the 
stages may be broken down Into six categories: vaneless space friction (wall 

between vane and rotor), rotor Incidence, windage (on hub), rotor clearance, 
rotor, and vane. Rotor and vane losses comprise the two greatest losses and 
are due to two major phenomenon: profile loss (or friction drag) and secondary 

losses (due to secondary flows In passages). Rotor clearance losses are tar- 
geted for a 0.31 point reduction by the advancements In clearance reduction 
resulting from use of ceramics and Improved design concepts. 


Approach/Technology Plan 

The technology plan designed to achieve these efficiency goals Is outlined In 
Figure 58 and targets both aspects of the vane and rotor loss mechanisms. For 
the purpose of technology advancement In the area of vane design, four design 
parameters have been selected for assessment of their loss reducing potential. 
Two parameters address profile losses and two parameters address secondary 
losses. Within the rotor, flow loss contributors are less easily delineated. 
In this case, each of three programs will assess the loss reduction potential 
of improved analysis tools and selected design changes. Verification of this 
Improved design concept will be accomplished In a ceramic rotor and vane rig 
test. The technology programs are discussed In the following sections. 

Vane Loss 

The vane loss reduction programs have been structured as follows. Ah experi- 
mental program will examine the effects of vane aspect ratio (passage width/ 
vane chord) and corner fillet radii on vane row loss levels. A set of rig 
adapted hardware will be designed and fabricated to test at three passage 
widths and three fillet radii separately and simultaneously. Use of available 
rig hardware is the preferred approach. The potential for improved efficiency 
Is 0.6 percentage points. Design philosophy based on ceramic technology will 
be used in establishing feasibility of the range of radii and widths to be ex- 
amined. 
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The second vane loss reduction program uses hardware of the first program with 
additional components added to modulate Inlet turbulence levels. In addition, 
vane surface finish will be varied to determine proper design tradeoff rela- 
tionships between losses and vane design. Three surface finish values and 
three turbulence levels will be examined. Potential loss reduction is antici- 
pated to be 0.4 percentage points. 

Rotor Loss 

The rotor loss reduction program uses two analytical studies, each backed by 
experimental verification. Flow path contouring and 3— D flow analysis comprise 
the two areas of emphasis. The flow path contouring or rotor hub sculpturing 
study Is aimed at analytically defining a hub contour that improves predicted 
rotor aerodynamic performance with a simultaneous Improvement In rotor life. 
Quasi-3-D flow predictions will be made on three hub contures showing promise 
In tailoring blade velocity profiles to exhibit low loss characteristics. 

Rotor life predictions will be made for each design as well. Based on these 
results, a fourth design will be assembled and similar 'predictions made. The 

potential loss reduction Is anticipated to be 0.9 percentage points. 

^ * 

The second program will experimentally evaluate the aerodynamic performance of 
the final design as determined in the previous program.- This program, as well 
as the previous program, will be targeted to use the NASA Lewis Research Center 
(LeRC) radial turbine rig under development. A pressure Instrumented test 
rotor will be fabricated. Test data will be analyzed and compared to predicted 
values. Information derived will be available to formulate advanced rotor de- 
sign methodology. 

The third rotor loss reduction program applies an advanced 3-D viscous flow 
analysis tool to a radial turbine rotor. The 3-D method Is currently being 
developed In-house. Verification of predictions made using this tool will be 
greatly facilitated by using the data from the high temperature radial turbine 
program funded by NASA LeRC Contract NAS3-24230. Aero rig data from the high- 
ly instrumented but uncooled rotor fabricated in this program will be used to 
verify predictions. Performance benefits derivable by the subsequent use of 
this code as a design tool are estimated at 0.8 percentage points. 
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Ceramic Turbine Program 

Completion of the radial turbine technology PW» ana lyt1cal 

to design an advanced turbine using the resulting «»*» 
tools and will real Ice the goal efficiencies as Identified 0 

ported herein. The ceramic turbine verification program .1 1 

sign fabrication, and hot rig test In an existing test rig The 
a»d to be one presently used In the ongoing AGT ,00 program 


COMPRESSOR TECHNOLOGY PLAN 


The inherent problem In small ,n9l "‘ efficiency 

of this class of small compressors t « t h e n0 „ scaUbtlUy 

:-:r s - — s . 

materials /processes In the design and fabrication of small compressors 1s a 
Key to bridging this performance gap. 

An overview of the trends In compressor technology portraying Allison Gas Tur - 
le state-of-the-art technology Is shown In Figure 59. -here polytroplc ef- 
ficiency is plotted against corrected exit flow. Since mass flow ra e an 
pressure ratio determine the physical sire of the rear compressor section, exit 

flow Is a logical parameter to represent size. 

Figure 59 comprises a sampling of axial . centrifugal 

dual centrifugal «1.1^f*ls 

ln72-3l P h1gh[r P than centrifugal compressors. This can be attributed to the 
arger flow size and considerable experience and research Investme t In a 

•••■• t:" ..... » —• 

//^determine the projections for efficiency potential In both Urg. i and 

■' c f ft r rh* vear 2000. The results are presented In Figure bu. 
small compressors for the year zuuu. 
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The Improvements (aerodynamic and mechanical) for small and large compressors 
are approximately 4.5X and 2X respectively. The results of this study are 
further presented In Figure 59 where the year 2000 technology assessment Is 
compared to current state-of-the-art technology. The scope of the SECT com- 
pressor program Is to demonstrate an Increase In polytropic efficiency of 
4-4. 5X from current levels In small engine compressors. The SECT goals will 
be achieved by Identifying high payoff technologies for year 2000 small gas 
turbine engine applications and by providing the appropriate technology plan. 

SECT Compressor Design 

For the current SECT study, based on mission studies for the representative 
tilt-rotor application, the aerodynamic design point for the compressor is 
given below: 


corrected airflow lbm/sec 3.487 

pressure ratio, Rc^_ t 30:1 

adiabatic efficiency, n^X ‘ 78.7 

polytropic efficiency, n p tt X 86.3 

exit Mach number 0.30 


To meet these goals— very high pressure ratio at a relatively low airflow rate 
and high efficiency levels— a four stage axial coupled to a single stage cen- 
trifugal was selected as the best configuration. The axial/centrifugal com- 
pressor takes advantage of the higher efficiency potential In the axial and 
alleviates the penalties due to reduced aft stage blade heights by employing a 
centrifugal compressor. Table XXX suiranarlzes some of the salient aerodynamic 
and geometric design features for the axial compressor. These features are 
compared to two advanced axial compressors designed and experimentally tested 
within the last three years. The SECT compressor Is designed to produce a 
pressure ratio of 7:1 and an efficiency of 85..1X, with adequate surge margin 
at design and slow speeds. The goal of this design Is to evaluate loading 
levels (diffusion factor) and inlet tip speeds that are reflective of bigger 
flow size compressors, while reducing the losses normally associated with 
lower airflow rates and blade heights. This will be achieved with low aspect 
ratio blading technology for added loading/efficiency capability, improved 
analytical techniques, and advanced design concepts. 
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TABLE XXX. 

ccrT.rnMPRES SOR TECHNOLOGY 

HIRPFKIT DEMONSTRATED axial compressor technology, 



LARGE 

«... LBM INLET 

26.24 

CORRECTED AIR FLOW EXIT 

4.57 

PRESSURE RATIO 

8.05 

PRESSURE RATIO STAGE 


NO. STAGES 

6.0 

tjT-T 

64.4 

t, POLY 

88.2 

AVERAGE DIFFUSION FACTOR 


COMP EXIT M n 


INLET TIP SPEED— FT/SEC 

1410.0 

EXIT ROTOR HEIGHT— IN. 

0.875 

AVERAGE ASPECT RATIO 

1.228 


CURRENT TECHNOLOGY 


SMALL 

DESIGN GOAL 

3.91 

3.487 

1.424 

0.682 

3.35 

7.00 


1.627 + (15-20%) 

4.0 

4.0 

84.6 

85.1 

87.0 

88.5 


0.440 


0.450 

1180.0 

1436.0 

0.552 

0.270 

1.027 

0.750 


The aerodynamic and geometric design features of the SECT centrifugal compres- 
sor are presented In Table XXXI. These features are compared to two eK P erl - 
men tally verified centrifugal compressors, large current technology, and small 
(ACT) compressors. The SECT centrifugal Is designed to produce a pressure ra- 
tio of 4.7 at 82.lt efficiency. The pressure ratio split between the axial and 
centrifugal compressors, dictated by axial loading levels, and Impeller tip 
speeds and stress levels has Indicated that for optimizing the specific spee 
(for Increased exit blade height) and performance potential of the centri uga 
compressor. Increased rotational speed was desired. However, the Increased 
speed resulted In excessive bore stress levels for the high pressure turbine 
rotor at 2800 # F RIT. Therefore, the desire for Increased speed and reduce 
turbine' stress levels directed the SECT compressor to a nonconcentric 
ration. From Table XXXI. It can be observed that the SECT goals require a l.SX 
Improvement In efficiency with a 24X reduction In exit blade height, n- 

crease In tip speed and 701 Increase In discharge temperature Call deterrents 
to performance) relative to the ACT. Improved analytical methods and design 
concepts will be vital for Improving the performance potential of small centr - 
fugal compressors. The following paragraphs examine the areas of technology 
required for small engine compressors for the year 2000. 


ORIGINAL PAGE IS 

OF POOR QUALITY 
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TABLE XXXI. 

SECT-COMPRESSOR TECHNOLOGY 

CURRENT DEMONSTRATED CENTRIFUGAL COMPRESSOR TECHNOLOGY. 



CURRENT 

TECHNOLOGY 

AGT 

DESIGN GOAL 

CORRECTED AIR FLOW J ' N j:J T 

3.60 

0.774 

0.703 

SEC EXIT 

1.096 

0.190 

0.183 

PRESSURE RATIO 

4.136 

5.477 

4.700 

t,T-T 

85.6 

80.70 

82.10 

ti POLY 

88.1 

84.70 

85.6 

COMP EXIT M n 


0.242 

0.300 

SPECIFIC SPEED, N s 


80.0 

71.01 

INLET HT 


0.450 

0.541 

EXIT TIP SPEED— FT/SEC 


1800.0 

2260.0 

CDT — °R 


920.0 

1568 

EXIT AXIAL BLADE HEIGHT 

0.406 

0.218 

0.165 

BACK CURVATURE— DEG 

J50.0 

50.0 

47.5 


Technology Areas 


The major areas of concern contributing to small engine compressors not 
achieving the performance levels demonstrated by large flow compressors are 
small physical size, innadequate analytical skills to Identify the loss 
mechanisms, and the lack of experience and experimental date. This Is partly 
due to earlier efforts In small compressors being directed primarily toward 
the development of economical and rugged units, without much consideration for 
Improving efflctency/loading potential. This discrepancy In performance can 
be further explained by the following: for a reduction In airflow rate, the - 

speed should be Increased and all other physical parameters reduced by the 
square root of the change In airflow rate to maintain aerodynamic similarity. 
However, because of manufacturing and structural limitations, it Is not pos- 
sible to scale certain physical parameters— thickness, leading edge radius 
(LER), and clearance — appropriately. Small size compressors are designed with 
higher thickness/chord (T/C), leading edge radlus/chord <LER/c), and Mach num- 
ber to T/C ratios. The Mach number levels In the compressor are maintained by 
scaling up the rotational speed. Clearance and tolerance levels to blade con- 
tour and surface roughness are not scalable and remain similar to levels of 
larger compressors. This combination results In increased losses in the pas- 
sage and blade-row due to shock, profile, end-wall, boundary layer and clear- 
ance. While It may be possible to reduce the losses due to the above factors 
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with Improved mechanical design and manufacturing techniques, small engine 
compressors have the Inherent problem of low Reynolds number flows. Improve- 
ments In this area can be achieved by understanding the phenomena of low 
Reynolds number flow In a turbo-machinery blade row and developing analytical 
tools for Implementation with advanced design concepts. Some concepts con- 
sidered likely candidates are: 

o airfoil sweep and lean optimization to reduce shock losses 
o airfoil contouring to design velocity/diffusion controlled blading to 
minimize shock losses and suction surface flow separation 
o casing treatment— endwal 1 treatment to energize boundary layer and enhance 
part speed flow/efficiency lapse rates for Improved stability 
o design of 3-D diffuser vanes to account for highly sheared flows at dif- 
fuser entrance region 

o bleed/blow feature at diffuser throat for Improved efficiency and stability 
at slow speed 

o clearance control /minimization over operating range of compressor by im- 
proved mechanical design ' 

Axial Compressor Technology Plan ’ 

A discussion of the various component test programs. shown In Figure 61 fol- 
lows. The approach was conceived as a systematic method to experimentally In- 
vestigate the factors contributing to reduced loading capability and efficiency 
levels of small engine compressors. This series of tests will also create the 
data base and experience necessary for the evaluation of analytical techniques 
and design of high performance axial compressors. The acquired Information 
will not be restricted to small compressor designs, but will also be beneficial 
for Improving the performance of large compressors. 

Performance Evaluation of True Axial Compressor Scaling 

Since certain physical parameters 1 1 mi t the scaling down of a compressor to 
achieve aerodynamic similarity, this program proposes to test two aerodynami- 
cally similar compressors by photographically scaling up a small size compres- 
sor. The experimental data from the two compressors will deliver a direct 
correlation of compressor performance versus Reynolds number changes. 
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The approach taken will be to test an advanced small compressor with relatively 
high loadings. This compressor will be scaled up to a higher flow size and 
performance data obtained. This will give data comparison due to Reynolds 
number changes associated with the two sets of hardware. Further testing will 
be conducted to evaluate the performance of large-flow hardware at small -flow 
Reynolds number to give Reynolds number effects on the same hardware. Advanced 
experimental techniques and instrumentation— laser velocimetry— wi 1 1 be used to 
fully evaluate the flow fields and quantify losses associated with low Reynolds 
number compressors. 

These tests will provide a data base for scaling effects in an axial compressor 
for small axial design. These data will be an asset in calculating the effect 
of compressor performances as a result of Reynolds number changes. 

Cascade Testing Related to Small Size Axial Compressors 

Cascade tests have been directed at developing optimum blade shapes and blade 
design more applicable to large engine compressors. Recent requirements of 
small compressors to sustain Increased loading at Increased tip speeds and Mach 
numbers have necessitated the need for high thickness blading for high Mach 
number applications. 

4 

The proposed cascade test will be conducted on the scaled up hardware of a 
small compressor cascade to evaluate the optimum blade design to minimize 
losses due to shock and associated blade profile losses. Velocity controlled 
(controlled d1ffusion)blad1ng and leading edge sweep effects vl 11 be Investi- 
gated to control shock structure and reduce such inefficiencies as boundary 
layer growth, suction surface separation, and endwall secondary flow effects. 
The tests, conducted In large hardware, will ease the use of laser velocimetry 
to investigate the flow field and assess performance. By testing both large 
and small hardware, data for Reynolds number, roughness, and tolerance effects 
can be obtained and Included In analytical predictive models. 

The major thrust of this program will be to establish the improvements neces- 
sary in analytical predictive techniques to account for the various factors 
affecting the performance of high thickness/chord, LER/chord blading in a high 
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The approach taken in this program will be to use components of an existing ad- 
vanced multistage axial compressor. Potential improvements in performance will 
be investigated by perturbing the design to evaluate the Individual effects of 
low aspect ratio airfoils and endwall blading modifications-sweep, end bends. 
Based on In-house experience, low aspect ratio blading has been employed to 
enhance the performance of both large and small compressors. Low aspect ratio 
airfoils have in addition, contributed to improved stability at design and 
part speeds. These trends warrant the investigation of low aspect ratio air- 
foils as a viable candidate in the design of the SECT axial compressor. 

Earlier analyses on compressors have revealed that losses associated with 
secondary flow are substantial and that work to reduce this phenomena is vital 
for future compressor design. This is especially true in small flow compres- 
sors that operate at much higher clearance/blade span ratios. This results in 
more intense leakage flow patterns, endwall vorticities, and boundary layer 
(blockage) growth. It is reasonable to assume that there are potential gains 
to be made by desensitizing the design to these mechanisms. Casing (tip) 
treatment over rotors has been a successful ploy to energize the boundary layer 
and enhance surge margin potential at slow speed. ThisTias, however, been 
achieved at the expense of compressor efficiency as it was used purely as 
diagnostic confirmation for redesign. By proper selection of the geometry of 
tip treatment (slots versus holes, blade angled slots versus circumferential, 
etc), the surge margin improvements can be made with minimal efficiency re- 
duction. 

The multistage test bed will also be used to verify the benefits of airfoil 
sweep and end-bends as an effective way of reducing losses associated with the 
endwall region. Airfoil sweep has shown potential for reducing 3-D shock 
losses in high speed rotor flows. Stator end-bends, achieved by resetting the 
stator airfoil closed In the vicinity of the endwalls, result In unloading the 
endwall region with attendant reduction in losses associated with the boundary 
layer. End-bends also serve to reduce the incidence levels and enhance surge 
margin potential . 

The results obtained from this program will be accounted for by the analytical 
model and directly applied to the design of the SECT axial compressor. 
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Radial Compressor Technology Plan 


The proposed technology program for centrifugal compressors are shown in 
Figure 62. A discussion of each program follows. 

Flow Size Effects on Small Centrifuga l Compressors 

The main objective of this program Is to study low flow slzes-I.e. 0.1 lb/sec 
- 0.5 lb/sec - to evaluate compressor performance and evolve/verify 
computational techniques directly applicable for the design of the SECT 
centrifugal compressor. 

Based on previous experience, centrifugal compressors In different flow size 
regimes demonstrate performance levels not consistent with Reynolds number 
changes. This can be partly explained by the different configurations not be- 
ing designed to consistent blade thicknesses and running clearances. The ap- 
proach In this program will be to eliminate such Inconsistencies by designrng 
two sets of hardware encompassing large and small 'flow regimes, testing of both 
sets of hardware with advanced experimental techniques— customized two-spot 
veloclmetry. The derived data base will provide for Improvements In computa- 
tional methods. Testing would Include the effects of clearance and shroud 
surface finish on compressor performance. The fully Instrumented rig allows 
investigation of the entire flow field and nonscalablllty effects on perform- 
ance to be Included In the development of analytical models. This will be the 
key to improved performance potential In centrifugal compressors In both large 

and small flow sizes. 

Reynolds Number Effect on Small Centrifugal Compresso r Performance 

The objective of this program is to evaluate pure Reynolds number effect on 
small flow size compressors consistent with the flow size study. This can be 
easily conducted as a continuation of the previous program. 

The approach is to quantify Reynolds number effects on small size hardware from 
flow size scale study by adapting inlet ram capability to Identify the re- 
suiting changes- -in loss mechanisms. Based upon the data, the necessary modifi- 


cations can be effected in analytical techniques, and similar tests on big 
hardware determined. Testing will be conducted with extensive Instrumentation. 

The results of this program will allow the proper assessment of Reynolds number 
in analytical models for the design of high performance small centrifugal com- 
pressors. The models evolved from this program would not be confined to small 
compressors, but centrifugal compressor design in general. 

Impeller Leading Edge Blade Shape on Centrifugal Compressor Performance 

Design of centrifugal Impellers has been confined to vertical leading edge im- 
pellers employing straight element sections. Recent work on swept-back leading 
edges has revealed Improvements in range for larger flow size compressors. In 
axial compressors, velocity controlled airfoils have been designed to contain 
shock structures, enhancing performance potential. The objective In this pro- 
gram is to investigate the possibility of Improved range and efficiency on 
small compressors by incorporating advance design concepts. 

The approach would be to design and experimentally evaluate a conventional im- 
peller and advanced Impeller of equivalent work to Investigate the potential 
benefits of leading edge sweep and contoured blades. Improved Instrumentation 
and experimental techniques — advanced laser velocimetry— will be employed to 
calculate and understand the complex flow field within the blade row for in- 
clusion of these concepts in analytical /computational models. The benefits 
realized from leading edge and impeller blade shapes may be vital to the future 
design of high performance centrifugal compressors requiring Improved range 
and efficiency. 

Investigate Passage Contouring for Improved Centrifugal Compressor 

Performance and Clearance Tolerance 


The design of centrifugal passages has been axisymmetrix and surfaces of revo- 
lution. Since small size compressor performance is substantially affected by 
running clearance, the objective is to employ centrifugal passages of non- 
axi symmetry and nonsurfaces of revolution to enhance efficiency and reduce 
clearance sensitivity. .This would involve the development of supporting 
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analytical capability to design geometries and verification through experi- 
mental evaluation. Any potential payoff associated with determining he - 
mum controur of these surfaces would bridge the gap ^r orma in sm 
compressors) and result in improved analytical/predictive techniques for the 

design of centrifugal compressors. 

Advanced Diffuser System 

The flow characteristics of the entrance region of the centrifugal compressor 
is of vital importance to the overall performance and stability a es 
off-design speeds. The flow is highly sheared and viscous and enters the i - 
fuser leading edge with uneven pressure and temperature gra en s - 
of this complex 3-D flow phenomena, the design of radial diffusers has been 
2-0 wedge-shaped vanes with no consideration given to the nonuniformities. 

Since the selection of diffuser throat area-by accounting for aerodynamic 
blockage due to the presence of boundary layers-and leading edge Incidence 
determines high speed flow capacity and slow speed stability, respective y 
potential benefits in the design of 3-D vanes we« customized for the inlet 
-flow conditions. The incorporation of bleed/blow capability for performance 
enhancement, as evidenced in the improvements in range/flow regulation o 
higher pressure ratio impellers by the Allison patented system of inducer 
bleed, may be a desirable feature. 

The approach in this program Involves thorough investigation of the vaneless 
space/diffuser entry region of a design, including features such as 3-0 vanes 
and bleed/blow capability to quantify any potential payoffs. The data o aine 
by using advanced laser velocimetry would create the data base for comparisons 
against similar conventional diffuser designs, give a better understand ng o 
the flow phenomena, and qualify emloying advanced design techniques. This 
program would set . the basis for the design of centrifugal compression systems 
with good slow speed flow/efficiency lapse rates without requiring the atten - 
ant compromises in design performance. 


Verification of Small Compressor Technology 

The SECT compressor technology plan has been conceived as a systematic means 
of elevating the performance levels of small engine compressors as has been 


shown In Figures 61 and 62. The knowledge acquired from the compressor tech- 
nology programs will be used to design and fabricate the SECT nonconcentric 
compressor. This program will experimentally verify the design techniques and 
goals of the program. In summary, the outcome of this program will result In 
the evolution of an advanced and viable design methodology for high perfor- 
mance compressors satisfying the requirements of year 2000+ technology. 

COMPUTATIONAL FLUID MECHANICS 

The flow in small gas turbine engine compressors and turbines is dominated by 
performance limiting 3-D viscous flow phenomena. Those phenomena Include rap- 
idly growing endwall boundary layers, secondary flows driven by strong cross- 
stream pressure gradients, and significant tip/leakage flows. In low aspect 
ratio axial turbomachines, these flow features occupy a significant portion of 
the airfoil span and, therefore, account for a major part of the overall total 
pressure loss in these machines. In high pressure ratio centrifugal compres- 
sors, performance can be further reduced by separated flow in the exducer. 

$ 

In addition to the concern over the viscous flow phenomena and the impact on 
performance, there has emerged over the last few years considerable interest 
and concern about the unsteady flow interaction between rotating and stationary 
blade rows and Its effect on the time mean aerodynamic anti thermal characteris- 
tics. These unsteady phenomena include potential flow interactions giving rise 
to significant pressure fluctuations on the airfoil surfaces and viscous inter- 
actions resulting from the downstream row cutting the wakes shed from the up- 
stream row. Experimental studies have shown that these time unsteady vane 
blade Interaction effects are large and the resulting time mean aerodynamic 
and heat transfer characteristics are considerably different from those of iso- 
lated vane and blade rows. In small turbomachines, it is likely that these 
interactive effects are magnified because of the Increased importance of end- 
wall viscous flow phenomena. 

Proposed Advanced Technology Effort 

A series of three advanced technology programs that address the development 
and qualification of Improved flow models for small compressors and turbines 
is proposed. These programs are directed at the development of analyses with 
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I. SUMMARY 


The goals of this effort was to define the required technology to provide a 
30% reduction in mission fuel burned, to reduce direct operating cost by at 
least 10%, and to provide increased reliability and durability of the gas tur- 
bine propulsion system. The baseline established to evaluate the year 2000 
technology base was an eight passenger commercial tilt-rotor aircraft, cur- 
rently in the preliminary design phase, powered by a current state-of-the-art 
technology gas turtiine engine. 

Three basic engine cycles were studied: the simple cycle engine, a waste heat 

recovery cycle, and a wave rotor cycle. For the simple cycle, two general ar- 
rangements were considered: the traditional concentric spool arrangement and 

a nonconcentric spool arrangement. Both regenerative and recuperative cycles 
were studied for the waste heat recovery cycle. 

An extensive cycle optimization procedure was performed for each configuration 
studied, using relative direct operating cost as the figure of merit. This 
procedure allowed for selection of the proper design maximum cycle temperature 
and cycle pressure ratio. Nonconcentric, recuperative, and regenerative en- 
gines were evaluated for a typical tilt-rotor design flight mission. Results 
showed that all three engines met the goal of at least. 30% reduction in fuel 
burned relative to the baseline engine for the commercial tilt-rotor aircraft 
mission. The nonconcentric engine provided the greatest, reduction in direct 
operating cost (DOC) with a 16.5% Improvement. 

Five technology areas require research - effort to realize the full potential of 
the nonconcentric engine concept for the year 2000. In order of decreasing 
benefit relative to DOC reduction, the areas are ceramics, turbines, compres- 
sors, combustors, and bearings. In addition. Improvements in computational 
fluid mechanics are essential to properly analyze the flow characteristics in 
small gas turbine components. 
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II. INTRODUCTION 


Small gas turbine engines are used in a ivi de • vari ety “of ■applications . The suc- 
cess of the next generation of small gas turbine engines in meeting these vari- 
ous operational requirements will depend on development and application of new 
technology. This technology will provide a significant reduction in total cost 
of ownership by reducing fuel burned. Initial acquisition cost, and maintenance 
costs. For example, fuel cost for small helicopter aircraft can represent as 
much as one half of the engine cost of ownership. 

Small engine components do not achieve the same level of operational efficiency 
as those in larger engines, resulting in higher fuel consumption. Fuel con- 
sumption and specific power can be improved by Increasing overall pressure 
ratio, turbine inlet temperature, and the level of component performance. As 
pressure ratio and turbine inlet temperature increase, sealing and cooling 
problems create additional parasitic losses that erode the fundamental cycle 
advantage. This is particularly true for small gas turbine engines where size 
effects make sealing and cooling more difficult. 

With the threat of increasing foreign competition in the small gas turbine en- 
gine market, particularly for the 1000 horsepower class and below, aggressive 
research and technology programs are needed to assure continued U.S. industry 
competitiveness. For these reasons Allison is supportive of NASA's Small En- 
gine Component Technology (SECT) program. 

The SECT study was sponsored by the NASA Lewis Research Center and U. S. Army 
Aviation Research and Technology Activity-Propulsion Directorate. . * 

The objectives of the SECT study were: (1) to identify the high payoff tech- 
nologies for the year 2000 small gas turbine engine and (2) to provide a tech- 
nology plan for guiding future research and technology efforts. This plan will 
provide the advanced technology base needed to ensure the technical advantage 
of U.S. manufacturers in the future small engine market. 
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The work performed during the study contract was divided into four basic tasks, 
as follows: 

Task I: Select mission evaluation procedures and assumptions 

Task II: Evaluate engine configurations and cycles 

Task III: Conduct an engine/aircraft mission analysis to determine figures 

of merit to rank technology needs 

Task IV: Prepare a plan to guide research and technology verification, com- 

ponent 'and -systems research, -and -technoTogy -programs 

Allison is Interested in all baseline applications (rotorcraft, commuter, aux- 
iliary power unit (APU), and cruise missile). However, a more productive pro-. 
gram would result from studying a single application in great depth rather than 
several applications In lesser depth. The rotorcraft application, specifically 
the commercial tilt-rotor application, using a high-performance, high power/ 
weight turboshaft engine was selected for this study. Direct operating cost 
(DOC) was used as the overall figure of merit. This report presents the results 
of this study. 


III. TASK I. SELECTION OF EVALUATION PROCEDURES AND ASSUMPTIONS 

The evaluation procedures and assumptions used in the Small Engine Components 
Technology (SECT) study are briefly described along with supporting information 
concerning the source or applicable background justification where appropriate. 
Major topics to be presented are: 

o aircraft/mission requirements 
o reference tilt-rotor aircraft characteristics 
o direct operating cost model 
o baseline engine description and scaling equations 
o baseline engine mission results and trade factors 
o environmental constraints 

The SECT cycle selection and engine configuration evaluation required the defi- 
nition of mission requirements, a reference aircraft, engine characteristics, 
and an economic model for use in obtaining cost comparisons. These items were 
integrated into the mission analysis computer program. Program input, major 
calculation routines, and output parameters for this program are generalized 
in the block diagram shown in Figure 1.* Mission requirements, along with air- 
frame and engine characteristics, are used in the engine/airframe sizing or 
scaling routines to determine the engine/airframe size combination that will 
meet fixed mission requirements, l.e., "rubber engine/rubber aircraft" ap- 
proach. The resultant sized aircraft along with mission fuel, distance, and 
time data, plus Input economic criteria, are then used In the cost model to 
obtain direct operating cost (DOC) data. Total engine/aircraft DOC was the 
selected figure of -merit for-the SECT study. . ’ - . - 

AIRCRAFT/MISSION REQUIREMENTS 

The advanced helicopter system selected for the SECT studies was based on a 
tilt-rotor concept developed by Bell Hell copter. Textron. Inc. This concept 
combines the best features of the helicopter and turboprop aircraft, i.e., 
helicopter takeoff and landing, safety and convenience, plus the advantages of 


* Figures can be found at the end of this report. 
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turboprop cruise speed, low noise, and vibration. All of these qualities are 
necessary to obtain favorable market projections for year 2000 rotorcraft ap- 
plications. 

The tilt-rotor mission requirements selected for this study effort are listed 
below: 

eight passenger at 90.7 kg (200 lb) each 
648 km (350 nautical miles [nml]) 

250 knots true air speed (KTAS) 

6096 m (20,000 ft) 

The goal was to establish a "generic" twin engine tilt-rotor aircraft in the 
4536 kg (10,000 lb) gross weight class that would be in concert with the NASA 
specified engine maximum power limit of 1000 shaft horsepower (shp). This 
vehicle class provides a spectrum of possible mission applications Including 
corporate/executive, off-shore oil support, and medical evacuation. The Alli- 
son market projection for this class tilt-rotor is 1000 to 1200 aircraft over 
a ten year period. This figure Is slightly higher than a Bell projection of 

750 to 900 aircraft over a similar ten year period. Using 1000 aircraft as an 

approximate average and assuming one spare engine per aircraft provides a pro- 
jected engine market of 3000 units. 

The design mission profile shown in Figure 2 Is consistent with air traffic 
control procedures, .aircraft capability, and reserve definition sufficient for 
a rotorcraft transport concept. The operating scenario presumes that the se- 
lected tilt-rotor aircraft will be flown .in the design mission during the ma- 
jority of its use. The revenue mission and design mission are assumed to be 

identical. The engi he/aircraft sizing criteria used In this study were se- 
lected to provide hover, one-engine-inoperative rate of climb, and cruise rate 
of climb capabilities sufficient to meet selected design operating requirements 
and to provide adequate margins of safety In the event of -engine failure. 

These selected candidate sizing conditions/requirements are detailed in Table I 


o payload 
o range 

o cruise speed 
o cruise altitude 
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TABLE I. 

ENGINE/ AIRCRAFT SIZING REQUIREMENTS 


ENGINE/AIRCRAFT 
SIZING CONDITION 

HOVER-OUT OF 
GROUND EFFECT 

°e ,( 3.5 ateof 

CRUISE CEIUNG 
RATE OF CUMB 


RATE OF 
CLIMB— 
M/MIN (FPM) 

AIRCRAFT 

WEIGHT 

0(0) 

DESIGN 

TOGW 

46 (150) 

DESIGN 

TOGW 

91(300) 

INITIAL 

CRUISE 

'WEIGHT 


ENGINE POWER 
SETTING 

INTERMEDIATE 
POWER (AEO) 
30 MINUTE 
POWER (OEI) 
MAXIMUM 
CONTINUOUS 
•POWER(AEO) 


ALTITUDE 
M/(FT) 

610 (2000) (1) 

305(1000) 

6096(20,000) 


VELOCITY 

KTAS 


0 

75 

250 


DEGREE 

DAY 

ISA + 10*C 
ISA + 20X 
ISA 


NOTES: JJjp^ppJJ|®^^p j (i^i8^fJx^jo’EG^flY?IOTORCRAFT TAKEOFF CATEGORY '*A' 

AEO — ALL ENGINES OPERATIVE 
OEI — ONE ENGINE INOPERATIVE 
TOGW — TAKEOFF GROSS WEIGHT 


REFERENCE TILT-ROTOR AIRCRAFT CHARACTERISTICS 

The vehicle selected for use In the SECT study effort is an e1 f‘ pa ”*" 9 " 
corporate/executive tilt-rotor aircraft configuration.- General character stc 
for this vehicle were provided to Allison Gas Turbine Division by e e l. 
ter Textron, Inc... A three view drawing of. the reference aircraft is shown ^ 
Figure 3. Figure 4 shows a typical fuselage layout proposed for the eight pas- 
senger configuration along with approximate dimensions and volume data. sum- 
mary of aircraft design parameters is listed in. Table II. Component or group 
weight breakdown is provided in Table III. Figure S shows the nacelle layout 
proposed for this vehicle and Illustrates the turboshaft engine placement th- 
in the tilt-rotor nacelle. In this concept, the engine supplies power to an 
angle gearbox/rotor arrangement that can pivot about, the conversion axis shown 
in Figure 5. The engine can also supply power to an interconnec r '“ 
that couples the two propulsion packages through a center gear ox oc _ 
the fuselage. wing carry-through area. This driveshaft s s norma 1 > ,« ° 
and serves to synchronize thrust and rpm. However, in the event of single 
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TABLE II. . 

REFERENCE AIRCRAFT PARAMETERS 


TOGW 

FUSELAGE 

DIAMETER 

LENGTH 

ROTOR 

NUMBER OF BLADES 
'DIAMETER 
DISK LOADING 

ROTOR BLADES 

BLADE TIP SPEED (HOVER) 
BLADE TIP SPEED (CRUISE) 
MEAN BLADE CHORD 
BLADE LOADING COEF 


WING 

SW (REFERENCE WING AREA) 
W/SW (WING LOADING) 
ASPECT RATIO 
SWEEP @ L.E. 

AVG THICKNESS RATIO 
TAPER RATIO 


4772 kg (10,520 LB) 


1.6 m (5.4 FT) 
9.9 m (32.5 FT) 


3 

7t06«tv<23.17 FT) 

60.93 kg/m* (12.48 LB/FT*) 


13,717 M/MIN (750 FPS) 
11,120 M/MIN (608 FPS) 
0.36 m (1.17 FT) 

D.1935 


40.9 m* (134.2 FT) 

382.7 kg/m 1 (78.4 LB/FT) 

8 

-8* (SWEPT FWD) 

24% 

1.00 

VMt-IM 


engine, operation, this system transfers power To maintain continued safe opera- 
tion of both rotors. ' 

Reference tilt-rotor (helicopter mode) hover power requirements are shown in 
Figure 6. Cruise power requirements (airplane mode) for 3048 m (10,000 ft) 
and 6096 m (20,000 ft) are shown in Figures 7 and 8. 

DIRECT OPERATING COST MODEL 

Operating costs fall into two categories: direct cost and indirect cost. In- 

direct costs are basically dependent on the particular service the operator is 
offering, but the indirect costs -may also be dependent on the airplane's char- 
acteristics. The figure of merit to assess the relative benefit of gas turbine 
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TABLE III. 

SECT REFERENCE AIRCRAFT WEIGHT BREAKDOWN 




KILOGRAMS 

(POUNDS) 

WEIGHT FRACTK)N-% 
(WTTOGW-%) 

•PROPULSION GROUP 

(INCLUDES ROTOR GROUP AND DRIVE SYSTEM) 


1199 (2643) 

25.1 

•STRUCTURES GROUP 


1100 (2425) 

23.1 

•FIXED EQUIPMENT 


1046 (2305) 

21.9 

MFG EMPTY WEIGHT 


3344 (7373) 

70.1 

•USEFUL LOAD 

* 

225 (497) 

4.7 

OPERATING EMPTY WEIGHT 


3570 (7870) 

74.6 

•PAYLOAD 


726 (1600) 

15.2 

ZERO FUEL WEIGHT 


4296 (9470) 

90.0 

•FUEL (USABLE) 


476 (1050) 

10.0 

TOGW 


4772 (10,520) 

100.0 

- - 
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technologies will be based on direct operating cost which includes maintenance 
burden for this study. These costs are calculated as & cost per airplane nau- 
tical mile (C ); however, they can be converted as follows: ' 

cost/seat nmi - + number of passenger seats 

am . - _ 

cost/block hr « C, m x V. 

am b 

cost/flight hr - C am x x t^/t^ 
where: 

t fa - block time--hr 
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t f - flight time— hr - (T b - T gn) ) 

V b - block, speed— knots 

For the computation of block speed, the following formula based on a zero wind 
component was used: 


v b “ D/<T gm + T v + T cl 


+ T ) 
cr 


where: 


D - mission range or stage length in nautical miles 

T - ground maneuver time in hr (includes engine start and warm-up 
gnu 3 

plus engine shutdown allowances) 

T m vertical takeoff and landing time — hr 
T - time to climb from 762 m (2500 ft) to cruise altitude— hr 
T cr - time at cruise altitude and velocity— hr 

Block fuel was computed from the following formula: 

F b " F gm + F v + F cl + F cr 
where: 

F b - block fuel— lb 

F -ground maneuver fuel (fuel required for engine start and warm-up 
gm , . 

plus engine shutdown) — lb 

F - fuel required for vertical takeoff and landing allowances— lb _ 

F cl - fuel to climb to cruise altitude— lb 

F cr “ fue1 consumed at cruise altitude and velocity— lb . 

The direct operating cost model used in the SECT study was based on 1967 Air- 
line Transport Association (ATA) methodology. The cost methodologies and eco 
nomic "ground rules" used in the SECT model are summarized in Table IV. The 
fuel cost used to obtain engine trade factors (take off gross weight [TOGH] 
-and DOC sensitivity to changes in engine characteristics) during the Task I 
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TABLE IV. 

DIRECT OPERATING COST MODEL (1985 ECONOMIC YEAR) 



1967 ATA METHODOLOGY 


1967 ATA EQUATION FORMAT WITH 
UPDATED CORRELATION FACTORS 


BELL HELICOPTER — EQUATIO N F ORMAT 
GATE HELICOPTER WITH UPDATED 
CORRELATION FACTORS 


GROUND RULES 

•ECONOMIC BASE YEAR 
•FUEL COST 
•OIL COST 
•INSURANCE RATE 
•DEPRECIATION SCHEDULE 
•SPARES 

• UTILIZATION RATE 
•MAINTENANCE BURDEN 
•LABOR RATE 


1985 

0.26 S/I (0.53 $1) (1 00 S/GAL [2.00 $/G AL]) 
6.24/51 (S24/GAL) 

12% OF ACQ COST PER YEAR 
7 YEARS TO 25% RESIDUAL VALUE 
AIRFRAME- 10% AIRFRAME ACQ COST 
ENGINE — 15% ENGINE ACQ COST 

1000 HR/YR (2000 HR/YR) 


150% 

$15.00 PER MAINTENANCE MANHOURS 


TWMI77 


study effort was $0.39/1 ($1.50/gaU> in 198S dollars. However 
system performance evaluations were completed using $0.26/1 <$ 
$0.53/1 ($2. 00/gal.) fuel cost levels. 


the Task III 
00/gal .) and 


Engine Acquisition Cost 


rlginal equipment manufacturer (OEM) costs for the turboshaft study *"9'"“ 
are developed using Allison material Index factor methods applied to com ne t 
ini shed weights. These costs were determined for the unity s ze i engin 00 
bp at sea level static standard day [SLSS3. Intermediate rated powe 
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and scaled to the horsepower (hp) size necessary to meet the engine/aircraft 
size combination required for the design mission. 


OEM cost 


( s h Ps 


x shpg 


where: 


_1_ 

shp 


C- 1 -) 

Q shp' 


x 


shp s 

shpy 


-0.0125 


shp -* SLS, standard day, IRP horsepower 
S -• scaled engine size 
U - unity engine size 


Engine acquisition cost was obtained from the following relationship: 
Engine acquisition cost - OEM cost x 1.5 
Aircraft Acquisition Cost 


The aircraft less engine acquisition cost for the scaled aircraft/engine com- 
bination was obtained from Bell Helicopter for the reference vehicle. The cost 
per pound for reference vehicle Is: 

aircr&ft cost - engine, cost ««o, noimH 
mfg empty wt - engine weight" * 362 'P oirn “ 

Therefore: . ‘ 

Aircraft cost CA/C) less eng acq cost:- (mfg empty wt - engine wt) x $362/pound 
Engine Direct Maintenance Cost ‘ 


The ATA maintenance labor equations, which are functions of engine shaft power, 
required adjustment to obtain correlation with Allison maintenance labor esti- 
mates (manhours per flight hr). The adjustment factor was introduced to pro- 
vide the influence of engine configuration differences, l.e., complexity, parts 
-count, and component accessibility features on engine teardown time require- 
ments. The ATA maintenance material equations, which are functions of engine 
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OEM cost provided good correlation with Allison Maintenance material 1 cost . es- 
timates^ VoUars per flight hr,. Therefore, no Adjustments were appl-ed to 

this set of equations. 

Aircraft Less Engine Dir ect Maintenance Cost 

„ uted in 979 These equations were developed by Bel, for use in predicting 
to ooulo torr.t.ttoo -tto th. «tot.o.oo. coot loo.' ' 

:.%r s^r^sr-w*- 

the 1978 to 1985 time period. 

BASELINE ENGINE DESCRIPTION AND SCALING EQUATIONS 

Engine Description 

The baseline engine is derived from a current tedin ology Jhl^SECT 

baseline engine is a two-spool . front-drive, centerline-concentric, free . 

turbine. ,000 shp turboshaft engine. It Is designed as a primary propuls, 
unit for advanced rotorcraft applications. - 

The gas generator spool Is comprised of a two-stage centrlfugal-flow compressor 

made of 6-4 titanium having' an overall pressure ratio of 14:1 and driven 
two-stage, axial-flow turbine. 

The first and second-stage turbine vanes are made of MAR-M509. the first-stage 
"ades are lade If MAR H2«. and a„ are air cooled. The power 
prised of two axial flow stages made of INCO 713. an output shaft made f 
EMS-64500. and an Integral electromechanical phase displacement type torque 
sensor. The power turbine airfoils are not cooled. 
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The engine has an annular fold-back combustor having a Lamllloy® transpira- 
tion-cooled liner and Is made of INCO 718. It contains 16 alrblast fuel noz- 
zles. Fuel Is mixed with air and burned In the combustor to -bring the tempera- 
ture of the fuel/air mixture (RIT) to 1204 C C (2200*F). 

The control system for this engine uses a ful 1 -authority, digital electronic 
control and a unitized fuel handling system. Self-contained electrical power 
Is supplied by a high-speed permanent magnet generator that provides electrical 
power for Ignition and electronic central functions. 

An engine accessory gearbox Is mounted on top of the engine and provides drive 
pads for the engine fuel pump, permanent magnet generator, hydraulic pump, and 
starter/generator system. The accessory gearbox also incorporates the self- 
contained engine lubrication system Including the oil filter, cooler, pump, 
and pressure regulating system. 

Figure 9 shows the general arrangement details for this engine with front and 
side views along with major engine envelope dimensions. It also shows an inlet 
air particle separator that was removed for the subject tilt-rotor Installation 
(this unit Is airframe-mounted equipment). 

Basic Information regarding the baseline engine Is listed In Table V. The 
OEM's cost of $219,100 was used In Task I to develop engine/aircraft sensitiv- 
ity curves or trade factors. However, this OEM cost was reevaluated during 
the Task III study efforts and adjusted to. the cost Indicated In Table V. 
Standard day performance pi us. engine cycle data summaries are. listed In Table 
VI for SLSS, for IRP, .and at 6096 m (20,000 ft)/250 KTAS, maximum cruise power 
conditions. 

Study Engine Installation and Scaling 

Installation assumptions used for the turboshaft study engines are as follows: 

o Inlet recovery (PT2/PT0) - 1.00 

o aircraft bleed air requirements - 0,0 

-*Lam111oy Is a registered trademark of the General Motors Corporation. 
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TABLE V. 

BASELINE ENGINE (PD452-1) BASIC INFORMATION 


POWER 


AIRFLOW 

WEIGHT 


INLET TEMPERATURE) 
2.58 kg/SEC) (5.69 LB/SEC) 

**o 


OEM COSTS 
(1985 DOLLARS) 


$219.100 — TASK I 
$214,932— TASK III 




TE86-4878 


o aircraft power extraction 


-included in the tilt-rotor power polars 
(Aircraft accessories are mounted 
in the center gearbox assembly located 
In the fuselage wing carry through.) 


•erformance, .eight, and Mansion* «re 

lorsepower Cshp, ^ SLSS. IRP> stud, engines. Sea "9 .q » w r. 
:o adjust these Engine characteristics to. th, or P--s1,eJ 

leslgn mission requirements. The engine sea 9 Q 

study are: ... " • 


D Height 


shp<. EXP 


H S- H U X ih^ 


where: - 


- scaled engine size 

- unity engine size 
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TABLE VI. 

BASELINE ENGINE PERFORMANCE SUMMARY 


SHP 

SFC kg/HR-HP (LB/HR-HP) 

RIT, "C (T) 

COMPRESSOR INLET CORRECTED FLOW, 
WVe/6 kg/SEC (LB/SEC) 

COMPRESSOR PRESSURE RATIO, R c 
COMPRESSOR ADIABATIC EFFICIENCY, 
GASIFIER TURBINE EFFICIENCY, t) T 
POWER TURBINE EFFICIENCY, 

CHARGEABLE TURBINE COOLING, % OF 
COMPRESSOR INLET FLOW 
LEAKAGE, % OF COMPRESSOR INLET FLOW 
COMBUSTOR EFFICIENCY, ti B 
COMBUSTOR A P/P 

COMPRESSOR EXIT CORRECTED FLOW, 

W Ve/5, kg/SEC (LB/SEC) 

GASIFIER TURBINE INLET CORRECTED FLOW 
W V0t/8, kg/SEC (LB/SEC) 

POWER TURBINE INLET CORRECTED FLOW, 
W Vee/5, kg/SEC (LB/SEC) 

GASIFIER TURBINE GJAh/U m 2 
POWER TURBINE GJAH/U m 2 
LP RPM 
HP RPM 


EXP - 1.05 if shpg/shpjj > 1.0 
EXP - 0.96 if shp^/shpy < 1.0 

2)Dimensions (linear) 


SLSS/IRP 

20K/250 KTAS/ 
CRUISE 

1000 

580 

0.204 (0.450) 

0.187 (0.412) 

1204(2200) 

1116 (2040) 

2.58 (5.69) 

2.69 (5.92) 

14t1 

14.9:1 

78.4% 

77.3% 

85.7% 

85.7% 

88.5% 

68.6% 

4.8% 

4.8% 

1.17% 

1.17% 

99% 

99% 

3.0% 

3.0% 

0.26(0.57) 

0.26 (.57) 

0.43 (0.94) 

.43 (0.94) 

1.54 (3.4) 

1.59 (3.5) 

1.21 

1.21 

1.66 

1.66 

29277 

29277 

48450 

47123 
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3)Dimensions (diameters) 


shpg 0.4 

l c - L. x rrr^ 

S U shpjj 

4)Specific fuel consumption (SFC) 



shpj 0.5 

ShPu 


SFCj - SFCjj * adjustment factor (see Table VII) 


aduustment factor for Sc VS. eng.ne -ale factor 


engine scale factor 

f SHP^/SHPu) 

vi 

1.0 

0.9 

.0.8 



0.994 

1.000 

1.008 

1.017 


0.993 

1.000 

1.009 

1.019 
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baseline engine mission results and trade factors 

lesults from "flying" the previously Pressed baseline 

rotor »<rcr»ft 1. the M.ison.ission , ? ZlZ LX - «■ subgect 
Table VIII. This table summarizes has . re(lu i re - 

engine/aircraft combination scaled to . SECT de^ g^ are pr0 _ 

ments. Design T-0GM. engine horsepower » V ^ f ach candidate 

vtded in Table VIII. Pate of climb “fZ* the required rate of climb levels, 
sizing condition. Shown rn parent . ? . m/m in (300 rpm) 

The critical engine sizing condition is- to e t requi ce- 

rate of climb at cruise altitude and velocity, i.e.. 

ment. - ' . 

f „- the- PD 452 -V powered tilt-rotor aircraft are 

Resultant power loading va u . j , 5 table IX for both all 

;:rs":.nr:.sr.u.. *■> 

«... » - »** 

i“ z r ” :=“• r 

::r. rrrr-'S— - - - - 
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TABLE VIII. 

MISSION RESULTS (PD452-1 POWERED TILT-ROTOR) 


FUEL COST = $0.39/1 
UTILIZATION = 1000 HRS YR 


TOGW 

SHP/ENGINE @ IRP SLSS 
ROTOR DIAMETER 
HOVER R OF C CAPABILITY 
@ 2000 FT/0 KTAS/ISA + 10°C IRP-AEO 


OEI ROFC CAPABILITY 
@ 1000 FT/75 KTAS/ISA + 20*C 
30 MIN POWER -OEI 


CRUISE R OF C CAPABILITY 
@ 20,000 FT/250 KTAS/ISA 
MAX. CONTINUOUS POWER 


TOTAL FUEL (MISSION + RESERVES) 
BLOCK FUEL 

TOTAL AIRCRAFT ACQ COST 
ENGINE ACQ COST (ONE) 

DOC 


4559 kg (10,050 LB) 

1010 HP 
6.9 m (22.6 FT) 

341 M/MIN (1120 FPM) 

(0 M/MIN [0FPM] REQUIRED) 

- 131 M/MIN (430 FPM) 

(45.7 M/MIN [150FPM] REQUIRED) 


91 M/MIN (300 FPM) 
(ENGINE SIZING PT) 


501 kg (1104 LB) 

347 kg (764 LB) 

$2.96 MILLION 
$331,700 

1208$/BLKHR 1 E86- 4881 


TABLE IX. 

POWER LOADING COMPARISON (SEA LEVEL STATIC, STANDARD DAY CONDITIONS) 


AIRCRAFT 37« 

ENGINE NO. ‘ 250-C30 (2) 

TOGW, KG (LB) 4672 (10,300) 

SHP/ENGINE AT IRP, SLSS 65Q 

POWER LOADING = SHP TOTALTOGW " 0.126 

APL(AEO CONDITION) (BASE) 

SHP AT OEI (30 MIN) POWER, SLSS 650 " 

POWER LOADING = SHP TOTALTOGW 0.063 

APL (OEI CONDITION) (BASE) 


TILT-ROTOR 
P0452-1 (2) 

4559 (10,050) 
1010 
0.201 
, (+60%) 
1010 
0.100 
(+60%) 
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Table VIII also Includes total fuel (design fuel tankage capacity) and block 
fuel (mission fuel burned) data along with cost data from the DOC mode . 

A component or group weight breakdown is shown in Table X for the scaled 
PD452-1 /tilt-rotor aircraft combination. The total base engine we g 
kg (515 lb) Included in the propulsion group represents only 51 of * ir 
craft TOGW and fuel weight of 501 kg (1104 lb) represents only 111 of 

craft TOGW. 

Mission fuel usage data is shown in Table XI on a per mission phase basis and 
on ll engine power setting basis. These data indicate the cruise plus reserves 

(45 minutes of continued cruise) at an approximate “ x1 ““ en 

setting level to be the largest full usage- requirement <433 kg [955 lb] 

of the total fuel). 

A breakdown of the six direct operating cost elements is shown in Table XII^ 
with respect to aircraft and engine costs. These data indicate aircraft - 
dated insurance and depreciation to be the two largest cost items and that 
only 311 of the total OOC can be associated with or Influenced y engine 

acteri sties. 

TABLE X. 

AIRCRAFT WEIGHT BREAKDOWN (PD452-1 POWERED TILT-ROTOR) 


PROPULSION GROUP (INCLUDES ROTOR GROUP 
AND DRIVE SYSTEM) 

STRUCTURES GROUP . . 

FIXED EQUIPMENT 

mfg empty weight 

USEFUL LOAD 

OPERATING EMPTY WEIGHT. 

PAYLOAD 

2ERO FUEL WEIGHT 
FUEL (USABLE) 

TOGW 


KG (LB) WEIGHT FRACTION— % 


1140 (2513) 
1007 (2221) . 
062 (2121) 
3100(6855) 
223 (492) 
3345 (7374) 
726 (1600) 

4058 (8947) 
501 (1104) 
4559 (10,051) 


25.0 

22.1 
21.1 
68.2 

4.9 
73.1 

15.9 

89.0 

11.0 
100.0 
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MISSION FUEL BREAKDOWN (PD452-1 POWERED TILT-ROTOR) 


MISSION PHASE BASIS 

kg(LB) 

% 

START AND WARM-UP ALLOWANCE 

0.9 (2) 


T.O. AND TRANSITION ALLOWANCE 

14 (32) 

3 

CUMB @ 180 KEAS 

51 (113) 

10 

CRUISE @ 20K/250 KTAS 

267 (588) 

53 

TRANSITION AND LAND ALLOWANCE 

12 (27) 

3 

•'SHUT -OOWN ALLOWANCE 

0.9 (2) 


RESERVE (45 MIN) 

154 (340) 

31 

TOTAL 

501 (1104) 

100% 

ENGINE POWER SETTING BASIS 

INTERMEDIATE RATED POWER 

66 (145) 

13 

~ MAX CONTINUOUS POWER 

433 (955) 

87 

GROUND IDLE POWER 

1.8 (4) 


TOTAL 

501 (1104) 

100% 


TEM-4M4 


Using the baseline engine powered tilt-rotor aircraft as the baseline, the ef- 
fect of delta changes in the following engine characteristics on both TOGW and 
DOC was obtained: 

o engine specific fuel consumption (SFC) 
o engine Weight (WT) 
o maximum engine envelope length (LE) 
o maximum engine envelope height (HE) 

o engine OEM cost ($/shp) . 

The results from the subject calculations are presented in the TOGW sensitivity 
curves shown in Figure 10 and the DOC sensitivity curves shown in Figure 11. 
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TABLE XII. 

DOC BREAKDOWN— $/BLK HR (PD452-1 POWERED TILT-ROTOR) 


FUEL AND OIL 
INSURANCE 
AIRCRAFT MAINT 
ENGINE MAINT 
DEPRECIATION 
FLIGHT CREW 
TOTALS 


FUEL COST = $0.39/1— $1. 50/GALLON 
UTILIZATION = 1000 HR/YR 


AIRCRAFT 

'775 (23%) 
230 (19%) 

270 (22%) 
63 (5%) 
838 
(69%) 


ENGINE 

TOTAL 

A/C + ENGINE 

117 (10%) 

117 

■80 (7%) 

855 

— 

230 

91 (8%) 

91 

82 (7%) 

352 


63 

370 

^ 1208 

(31%) 

(100%) 
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ENVIRONMENTAL CONSTRAINTS 
Emissions Control Requirements 

There are no regulations to control exhaust emissions from small aircraft gas 
turbines, including rotorcraft engines, and none are expected in the near fu- 
ture. However, the International Civil Aviation Organization recommends the 
control of fuel venting from all turbines regardless of size or application. 

The likelihood of future emissions regulations depends on the following fac- 
tors: 

o environmental politics— particularly aircraft related Issues 
o size and growth of the source— size of rotorcraft fleet 
o level of emissions control technology applied by engine manufacturers 
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Of the three factors stated, only the level of emissions control technology 
can be directly Influenced by the engine designs. It Is Important to design 
to the highest control levels economically practical since It Is less likely 
that emissions control regulations will be promulgated for engines that include 
these designs. The next step in emission reduction becomes extremely expen- 
sive, and the cost of control, In terms of dollars per ton of pollutants re- 
moved, becomes much greater than that required to control other sources of pol- 
lution. .In addition, .an aircraft system that does Jiot issue odors or visible 
smoke does not Invite criticism and political action. 

Allison has developed a high level of cost effective emissions control technol- 
ogy that was used In the combustion system design of the SECT engines. This 
technology was demonstrated on the Model 280-C1 engine that was derived from 
the GMA500/advanced technology demonstrator engine (ATDE) program. The emis- 
sions control techniques used were: 

o prechamber combustor 
o optimized primary zone 

o Lamllloy construction (transpiration cooling) 
o air blast fuel nozzles 

The emissions goals established for the SECT program are: fuel venting emis- 

sions (none allowed), smoke (not to exceed SN - 40), and gaseous emissions. 

They are based on emissions testing of an engine that contained the control 
techniques previously stated. Table XIII gives the maximum gaseous emissions 
allowable as a function of engine power setting. 

The units of gaseous pollutants emissions index (g/kg fuel) were chosen to be 
compatible with combustor component and gas generator operational parameters. 
These units are more Independent of the final engine cycle than units expressed 
in specific emissions, l.e., g/ kw hf , or g/ kN of thrust. 

Noise 


Noise constraints for gas turbine powered rotorcraft occur at two levels, regu- 
latory and public acceptance. The regulatory constraints contained in Federal 
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TABLE XIII. 

MAXIMUM GASEOUS EMISSIONS ALLOWABLE 


GASEOUS EMISSIONS, g/kg FUEL 


ENGINE POWER SETTING 

HYDROCARBONS 

CARBON 

MONOXIDE 

NITROGEN 

OXIDES 

MAXIMUM 

0.44 

0.90 

18.70 

INTERMEDIATE 

0.46 

0.96 

17.60 

MAXIMUM CONTINUOUS 

0.47 

1.10 

15.80 

■75% 'MAXIMUM CONTINUOUS 

0J50 

1.20 

12.6 

25% MAXIMUM CONTINUOUS 

0.63 

2.90 

8.40 

IDLE 

7.10 

68.0 

3.70 


TE86-4886 


Air Regulation (FAR) Part 36 for rotary wing aircraft are expected to remain 
in place in the year 2005 with a small decrement in the required noise levels. 
Continuing opposition at the local level to the building of new heliports, how- 
ever, results in strong incentive to produce rotorcraft that are more quiet 
than required by FAR Part 36. The current NASA/industry cooperative rotorcraft 
program should produce the technology required to reduce rotor noise. Acoustic 
studies of helicopters in the current fleet show that the engine contributes 
to the aircraft noise signature and acts as a floor to limit the gains possible 
by rotor noise reduction. An engine noise reduction, relative to current en- 
gine levels, is required to permit the full use of the technology being devel- 
oped in the NASA/industry program. 

Based on Allison test experience, engines using the advanced cycles and tech- 
nology embodied in the SECT program will generate noise signatures that are 
lower than the signatures of current engines. 
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IV. TASK II. ENGINE CONFIGURATION AND CYCLE EVALUATION 

The procedures -and assumptions identified in -Task I -were -used to select the 
engine configurations and cycle conditions for Task III. The selection cri- 
teria were chosen to place priority on direct operating cost of the reference 
tilt-rotor aircraft as opposed to return on Investment (ROI) or other economic 

figures of merit. 

Three basic engine cycles were examined during Task II: (1) an advanced simple 

cycle, (2) a waste heat recovery cycle, and (3) a wave rotor cycle. For the 
advanced simple cycle, two types of general arrangements were examined: the 

traditional concentric gas turbine spool arrangement and a nonconcentric spool 
arrangement. For the waste heat recovery cycle, the regenerative and recupera- 
tive approaches were studied. 

GAS TURBINE TECHNOLOGY PROJECTIONS FOR YEAR 2000 

Special problems exist for each engine component by the small size requirement 
of this class of gas turbine engine. The following sections outline technology 
enhancements for the year 2000 for small gas turbine engine that were assumed 
for the cycle optimization study. 

Compressor 

Figure 12 shows the overall compressor polytropic efficiency as a function of 
exit corrected flow for the current state-of-the-art technology as well as that 
projected for the year 2000. Several mechanical and aerodynamic improvements 
are required to achieve this level of performance in small compressors, e.g., 
control clearances,, surface roughness, manufacturing tolerance, airfoil con- 
tour, and secondary flow. Table XIV outlines these expected performance im- 
provements for small compressors. 

Turbine 

Figure 13 shows the axial turbine overall total/total adiabatic efficiency as 
a function of inlet equivalent flow rate for both current state-of-the-art 
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TABLE XIV. 


SMALL COMPRESSOR TECHNOLOGY ADVANCEMENTS. 


. IMPROVED MANUFACTURING CAPABILITY 

• IMPROVED ANALYSIS CAPABILITY 

• MULTI -ROW 

• 3-DIMENSIONAL 

• VISCOUS/QUASI-VISCOUS 


• AXIAL COMPRESSOR 


_ AIRFOIL CONTOUR 

- SWEEP, TILT, AND LEAN 
OPTIMIZATION 

- END WALL TREATMENT 


• CENTRIFUGAL COMPRESSORS 


— IMPELLER AIRFOIL/PASSAGE 
CONTOUR 

— CLEARANCE LOSS REDUCTION 

— DIFFUSER ENTRANCE REGION 
OPTIMIZATION 

— SECONDARY DIFFUSER 


OPTIMIZATION 


VS85-11Q6 


ecology as *11 as that projected for the year 2000. Improvements in abr 
atlon methods, aerodynamic concepts, and analytical model Ing are i nee 
chi eve the projected .eve, of performance In small avia, - ™ 

utllnes these expected turbine technology advancements. 9 
adial turbine performance goals for the Small Engine Component Technology 

SECT) study. 

i„ cycle analysis assumed uncooled turbine configuration. This assumption 
.as necessary, especially In the high pressure tu, -bln h 

,ulrement of the high pressure (HP) turbine rotor prohtb ° ‘ tur _ 

cooling passages. Therefore ceramics were selected as the 

bines. 
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TABLE XV. 

TURBINE TECHNOLOGY ADVANCEMENTS. 

• ADVANCED MATERIALS/FABRICATION METHODS 

• HIGHER WHEEL SPEEDS/REDUCED STAGE LANDING 

• REDUCED COOLING AIR REQUIREMENTS 

• REDUCED BLOCKAGE/HIGHER ASPECT RATIOS 

• LOWER THICKNESS/CHORD RATIO BLADING 

• UNIFORM BLADING THROATS 

• ADVANCED "AERODYNAMIC CONCEPTS 

• ENDWALL BOUNDARY LAYER CONTROL 

• PASSAGE MERIDIONAL CONTOURING 

• LOW REYNOLDS NUMBER BLADING 

• ADVANCED ANALYTICAL MODELS 

• 3-D VANE/BLADE INTERACTION 

• 3-D VISCOUS FLOW ANALYSIS 

• OPTIMIZED AERO/HEAT TRANSFER BLADING 

VWC-1M* 


Combustor 

The key technology advancement required for the combustor Is the achievement 
of a low pattern factor to permit operation at high turbine temperatures for 
improved cycle efficiency. A goal pattern factor of 0.12, as defined by 
(T MAX" rotor in1et tem P erature <RIT)/<RIT-CDT). has been established for year 
2000 combustor technology. Other goals being addressed Include low smoke and 
increased durability. 

Materials 

The main emphasis in materials development for gas turbines is toward high tem- 
perature capability, low density, low cost fabrication, and improved corrosion/ 
erosion resistance. For the year 2000, two key materials emerge as the 
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requirement to significantly reduce the direct operating cost of the small gas 
turbine engine becomes important. First ceramic composites in the high pres 
sure turbine rotor and stator will provide the opportunity to run .the engine 
at higher turbine temperatures than engines in service today. A silicon car- 
bide composite will have a 1649°C (3000 e F> temperature capability by the year 
2000. Secondly, to accommodate the higher compressor discharge temperatures 
associated with going to much higher cycle pressure ratios, titanium.alumim e 
(Ti Al) will be needed for its temperature capability of 816°C (1500°F). 
The 3 additional benefit of TI 3 AI is its low density (50% density reduction 
over superalloys) and ease of fabrication. 

The selection of maximum turbine rotor Inlet temperature (RIT) was based on 
the following: 


For the ceramic radial HP turbine rotor, the maximum allowable surface 
temperature was set at 1399’C (2550’F). Based on the AGT 100 uncooled 
ceramic radial turbine heat transfer characteristics, the rate of 


! ij UAY^pri MAX f\LmU ri r\f\ 

Based on the SECT radial turbine designs, the ratio of T REL MAX ' 

0.927, RIT MAX of 1538°C (2800 # F) was obtained. 

The combustor pattern factor assumed for the year 2000 technology is 
0.12. For a static structure such as the HP turbine inlet vane, the 
maximum allowable surface temperature was set at 1649 e C (3000°F). For 
the cycle pressure ratios considered, resulting max RIT is 1535 C 

<279*5° F) . 


0.983. Therefore T R£L - 1424 # C (2595°F). 

_ 1 1 - _ £ T 


/RIT 


Therefore, maximum RIT of 1538’C <2800*F> was selected. 


Recuperator/Regenerator 

Recent advances In recuperator/regenerator technology make It necessary to re- 
examine the waste heat recovery cycle for the rotorcr.ft appllcatro" In 
area of recuperator technology, a nitride dispersed stainless steel * 

available that has an 982’C (1800'F) temperature capability. ” c “ p< e 

can be fabricated at extremely low cost. Ceramics Is another 
rial for recuperators, offering higher temperature capability 
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than NDS. It is lighter than NDS but costs more to fabricate. This informa- 
tion was provided by Air Research Manufacturing Company, Torrance, California. 
They also provided a recuperator parametric study necessary to conduct the re- 
cuperator cycle optimization during Task II. 

Regenerator technology for the year 2000 consists of using a one-piece extruded 
ceramic disk. This procedure minimizes cost and weight while providing high 
strength for higher than normal cycle pressure operation. Low leakage seals 
characterized by low thermal distortion are also Included in the design. This 
design will allow the regenerative cycle to optimize at higher cycle pressure 
ratios than conventional regenerative cycles, such as the advanced gas turbine 
(AGT 100) being developed by Allison. 

Wave Rotor Engine 

In this concept, the conventional high pressure spool In the simple cycle en- 
gine is replaced by a wave pressure exchanger or Comprex system. The Comprex 
assumes the function of a turbine-driven compressor (compressor-expander) with 
a direct transfer of energy by Impingement of the expanding gas on the air to 
be compressed. Figure 15 Illustrates the wave rotor cycle. The Comprex rotor 
consists of straight axial channels that are alternately exposed to segmented 
ports open to the air or to the hot gases. Nonsteady flow Is created by the 
opening arid closing of the rotor channels as they pass over the ports and 
blocked off portions of the stator. The rotor speed and rotor length must be 
defined to coordinate pressure wave passage time with port opening. The Com- 
prex system is essentially a flow switching device and Is not capable of pro- 
ducing shaft power. It must be driven to overcome friction and windage losses. 
Figure 16 shows a typical wave rotor configuration for gas turbine application. 

The efficiency of the energy exchange within the Comprex system is equivalent 
to high grade radial turbomachinery and is less sensitive to size than turbo- 
machinery. The system is also amenable to speed changes with good efficiencies 
and offers Instantaneous load response. 

The rotor Is alternately exposed to hot and cool gases and the rotor material 
assumes some average temperature, thereby allowing combustor outlet tempera- 
tures that are limited only by the static structure. Only a part of combustor 
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discharge gas is used in the Comprex system. The remainder is bypassed and 
diluted as required before entering the low pressure turbine. 

CYCLE/CONFIGURATION EVALUATION 


The methodology used to perform the cycle optimization study in Task II is 
shown in Figure 17. The year 2000 technology base for small gas turbine en- 
gines was used to calculate cycle performance for each engine configuration 

under study. *HVthin each cycl Beatrix, one -cycle wav'selwrted as a 'preliminary 

design point cycle to calculate engine weight, cost, and dimension. From that 
preliminary design point cycle, weight, cost, and dimension for the other cy- 
cles in the matrix were obtained analytically as described in Task I of this 
report. Using the trade factors developed during Task I, sensitivities to di- 
rect operating cost were developed for each cycle in a given matrix. This 
technique was used to select the cycle (RIT, R c combination) for each config- 
uration that gave the minimum relative direct operating cost (DOC). 

Each cycle was scaled to produce 1000 shaft horsepower (shp) at sea level 
static (SLS) conditions. All cycle analysis assumed uncooled turbine config- 
urations with maximum TRIT of 2800°F. Total cycle leakage was scaled as a 
function of cycle pressure ratio and engine 
flow size. Specifically: 

R W 1/2 

SECT leakage - base leakage x ( R C SEC ") x ( W A J A ^) 

K C BASE "A SECT 

where the base values are those from the baseline advanced technology turbo- 
shaft engine. The leakages are expressed as a percentage of total compressor 
inlet flow. The regenerator and recuperator systems were designed at the tilt 
rotor mission cruise flight condition (6096 m/250 knots true airspeed OCTAS) 
[20,000 ft/250 KTAS]) for optimum performance. Results of the cycle study for 
the concentric, nonconcentrlc, recuperative, regenerative, and wave rotor 
engine cycles are presented in the following sections. 
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Concentric Engine Cycle Evaluation 


Cycle Evaluation 


For the concentric component arrangement of the simple cycle engine, pressure 
ratios from 15 to 25 were Investigated with turbine rotor-inlet-temperatures 
from 2200°F to 2800°F. Overall pressure ratios greater than 25 were not con- 
sidered. Design analysis of the concentric engine Indicated that the bore 
stress In a HP turbine was prohibitive for pressure ratios greater than 25. 

Figure 18 shows the parametric cycle analysis for the concentric engine for 
the range of cycle parameters Investigated. This chart Illustrates the trends 
In specific fuel consumption and specific horsepower as a function of turbine 
temperature and pressure ratio. The weight and cost sensitivities were applied 
to generate the DOC trends shown In Figure 19. The minimum DOC is shown to 
occur at an overall pressure ratio of 25:1 and 2800*F RIT for the concentric 
cycle. 

Engine Configuration 

The concentric engine general arrangement is shown in Figure 20. The features 
are summarized as follows: 

o removable top-mounted accessory gearbox module 
o an aluminum Inlet support 

o a four-stage axial 8.33:1 low pressure (LP) compressor 
o a gas generator Incorporating with 

- a centrifugal flow 3:1 compressor (dual IMI T1) 

- a parallel wall radial vaned diffuser (T1A1) 

- reverse flow annular combustor made from ceramic (S1C/S1C) 

- radial Inflow gasifier turbine (SIC/SIC) 

o removable single-stage axial uncooled low pressure (LP) turbine (Ti^Al ) 
o removable two-stage axial uncooled free shaft power turbine (T1A1) module 
o full authority adaptive digital control 
o self-contained fuel and lubrication systems 
o engine monitoring system (EMS) 
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Output shaft speed is 40,000 rpm rotating counterclockwise as viewed from the 
aft end of the engine. The engine configuration provides an advanced design 
with low life cycle costs, high .reliability, high.. survivability., .and excellent 
maintainability for the tilt-rotor aircraft missions. A description of each 
component follows. 

Gearbox— The accessory gearbox is designed to mount on the top of the engine 
for improved maintainability and can be removed with all accessories In place 
and without disturbing any other engine module. This module incorporates an 
integral oil system and provides drive pads for both engine and aircraft ac- 
cessories . 

Inlet support— The inlet support Is cast aluminum and forms the major forward 
engine support case. This casting provides the flow path for engine air enter- 
ing the first-stage axial LP compressor and is anti-iced with scavenge oil. 

Centrifugal impeller— The compressor is designed to meet the conditions at the 
SLS match point. The static structure and the impeller are made from low ther- 
mal expansion titanium to maintain close clearance control. An abradable ero- 
sion resistant coating of flame sprayed aluminum-silicon applied over chromium 
carbide is used On the shrouds to allow tight clearances with rub protection. 
The compressor represents a low technical risk engine component. 

Combustion system — The combustion system Isa durable, high performance, re- 
verse flow annular design that uses a machined outer casing, ceramic transition 
liner, and piloted air blast fuel Injector. This combustor meets all require- 
ments of the tilt-rotor aircraft mission. A reverse flow feature provides the 
shortest possible coupling between the compressor and the gasifier turbine with 
resulting benefits In shaft dynamics and engine rigidity. 

Radial Inflow gasifier turbine — The gasifier turbine rotor Is expected to oper- 
ate in a more severe thermal environment and at higher speeds than any previ- 
ously tested at Allison. The analysis of this rotor Is an extension of the 
ceramic rotor experience gained from the Advanced Gas Turbine Program. 

Single-stage axial LP turbine — The LP turbine Is based on a current technology 
turbine with slightly more severe thermal and speed operating conditions. 
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Blade stress and vibration characteristics are moderately above the existing 
engines. The material change to single crystal minimizes the required cooling 
flow and provides an Increased temperature margin. 

Power turbine — The two-stage axial power turbine Is based on a current technol- 
ogy power turbine. The configuration Incorporates advanced materials to elimi- 
nate cooling. The power turbine rotates counterclockwise when viewed from the 
rear and opposite the gas generator direction to provide optimum efficiency 
and reduced weight. 

Nonconcentric Engine Cycle Evaluation 

Cycle Evaluation 

Moving the HP spool out in the nonconcentric type configuration eliminates the 
requirement to pass shafting through the center of the high pressure rotor. 

By eliminating the bore stress problem, overall pressure ratios up to 40:1 
could be considered for this configuration. The maximum HP turbine _ rotor- 
inlet-temperature was again limited to 2800*F. 

Figure 21 shows the parametric cycle analysis for the nonconcentric engine for 
overall pressure ratios of 25 to 40 and turbine rotor-inlet-temperatures rang- 
ing from 2200° F to 2800* F. This Illustrates the trends of specific fuel con- 
sumption and specific horsepower as a function of the cycle parameters. Figure 
22 Illustrates the DOC trends of the nonconcentric cycle as a function of Rc 
and RIT. This shows the optimum cycle to be at a 30:1 overall pressure ratio 
and 2800* FRIT. 

Engine Configuration 

The nonconcentric engine is a three-spool turboshaft engine concept that offers 
the capability of achieving a significant reduction In specific fuel consump- 
tion (SFC) and cost and an Increase In power- to-welght ratio compared to cur- 
rent Allison engines. The nonconcentric turbine engine achieves the reduced 
fuel consumption by combining high cycle pressure ratio and high turbine RIT 
in a three-spool configuration. The arrangement differs from the conventional 
two-spool engine by the addition of a third spool, which Is mounted off axis 
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. .. , hpr two spools. Advantages are improved compres- 

and aligned parallel to • diameter flow path, reduced seal and 

sor performance and surge margin s b , ,„d a simpler accessory 

bearing diameters, elimination “ - “ ^ ^^ement, as shown In 

g«r arrangement. The ^ tt . optimum performance con- 

Figure 23 Is a result of stud ^ , osses and engine heat rejection. 

- LP shaft " th the output connect,on ,ocated at 

the engine front. 

Recu perator En gine Cycle Evaluation 
Cycle Analysis 

j* select the optimum recuperdtor 




0 eng1ne ,A 14 

_ compression ratio, R c — 1 6 * • 1204 # C 1371*C, 1538 # C (2200*F, 

. turbine rotor inlet temperature, RIT-1204 C. 

2500° F, 2800° F) 
o recuperator 

- effectiveness, EX — 60, 70, 80 

- total pressure drop, AP/PX— 6 * 8 * 10 

. plate and fin spacing, thickness, and offset 

_ tube size, spacing, and dimpling 
_ number of passes— air and gas 
_ cr oss and counterflow 
- materi al s— metal and ceramic 
_ number and arrangement of modules - 
_ size, weight, and cost 

» **»' ° f 45 e " 9 ' ne 'parameters' 0 * FI gure ^sho'es Xull^arametric 

r . 

- * tou ’ pmsurc drop of 

10X. 
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^^PggjgLg onfiguration Analy sts 


ORIGIN AX' Pa:g». t<? 

OF POP -• • - V 


AIResearch h n,a * r1>t 0f *c- RIT - E - AP/P for investigation. 

priatHm ‘ r"' me " SlVe eXPer1e ""' *° * ppr °- 

quired. a descri h "* and arran9ement! and t0 «'culate sizes re- 
eoglne combination fonows 4 "' f ° r se,ect1n S the optimum recuperator 


Configuration 


25 for all V* ^ ° ffS6t rectan 9 ular hea t transfer surfaces, shown In Figure 
boundary laverV ^ f1n dnalySeS ’ This surface has the advantage of reducing 
one of the mn * ° ^ ** MCh fin offset and is generally acknowledged to be 
for minim, S COnipaCt availab1e - AIResearch had optimized this type surface 

the ODtiml V ° 1Ume ^ d Garrett veh1cular engine. AIResearch conducted 

above plat^and"^^^ ^ tMS ^ ° f SUrfaC ®' A thorou 9 h optimization of the 

Ifled plate an f " me " Si ° nS f0r W# n0t C0 " ducted - A Won •' «*- 
1538*C (2800 °fi ptt mens1ons was made at 10:1 engine compression ratio and 

reduction of , ^ & C ° Unterf1 ° W reCUperat - At * and 10X AP/P 

overall recuoe f “**• 8 " 12 * ^ " ei9ht and 3 '" 26X 1n length for the same 
greater plate diameter wer * obtained by using slightly more flns/ln. and 

with the vehir,T C1n9 T ^ The study to "1n1m1ze.DOC Was conducted 

vldual core 609 n ® dlmen s1ons that were shown to produce minimum indi- 

slons consider ^ , " 1nimUm ° Vera11 ^ UP VOlume; A11 the fin dimen " 
the metal wer e acceptable from a fouling standpoint with jet fuel s. For 

f in conf1 a ur,fi' C ° U 6rfl0W recuperators ’ ^Research evaluated all their offset 
son made the f/"! ^ " arrowed the selection based on weight and size. Alli- 
he f1na l selection based on DOC sensitivities. 


for size and 6 °’ 32 0/8 1nJ diameter tubin 9 *s the smallest possible, 

heat transfer^ ^ Wlth ° Ut encounter1n 9 laminar flow that would cause poor 
along w1th * r ’ B ° th 1n ~ 11ne and staggered tube arrangements were evaluated 
'*yer disrupt^ rin9_d1mpled * and spiral-dimpled tubes for Inside boundary 
** r but greate° n ^ 96neral * 1n “H ne tubes provide smaller recuperator dlame- 
greater r 6r W6l9ht Sta " ered tubes * D1m PHng provides lower weight 
“ ? ’ ne conuHi:^ 6 ^ d1ameter * The b est combination was selected for each 
0n - Ring dimples were not represented in the final selection. 
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A1 Research selected the following flow configuration, surface, and material 
combinations for comparison: 

o two-pass cross-counterflow — metal tube and shell 
o two-pass cross-counterflow — metal plate and fin 
o counterflow — metal plate and fin 
o counterflow — ceramic plate and fin 

A1 Research selected an annular arrangement of six modules for all recuperator 
types. Figures 26 and 27 show the arrangement of the metal plate and fin two- 
pass cross-counterflow configuration. Six modules provide a convenient size 
for minimum cost of assembly, brazing, and ceramic firing operations. The an- 
nular arrangement provides a minimum weight means of channeling exhaust flow 
with circular shell structures. 

Materials, Cost, and Size 

AiResearch recuperator material development Is underway and Is expected to pro- 
vide 982-1 093 # C (1 800-2000® F) metal capability and 1260®C (2300®F) ceramic 
capability by year 2000. The metal will be nitride dispersion strengthened 300 
series stainless steel and the ceramic, silicon nitride. The tilt-rotor air- 
craft and 648 km (350 nm) cruise mission selected would require only current 
day chrome-moly steel for 704®C (1300®F), This is due to the fact that the 
engine is sized for cruise. It has a high 90X power setting as opposed to 
other aircraft that might be sized for hover and cruise at 75X power. At 90X 
power, variable engine geometry can not be used to increase turbine outlet or 
recuperator Inlet temperature to high levels while maintaining maximum turbine 
Inlet temperature as could be done at 75X power. This application cannot take 
advantage of advanced high temperature recuperator technology. Even so, low 
density of the ceramic material made it a close contender. 

AiResearch provided cost equations for the four types of recuperators based on 
(1) the number of air passage layers and plate area for the plate and fin de- 
signs and (2) tube length and number of tubes for the tube and shell designs. 
Allison derived sensitivity factors to describe the effect of relevant engine 
and recuperator parameters on the tilt-rotor aircraft DOC. Figure 11 shows 
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these sensitivity curves. The engine plus recuperator parameters affecting 
DOC and their relative weight are as follows: 


I 

I 


o specific fuel consumption (SFC) 

461 

o cost 

261 

o weight 

121 

o length 

91 

o height (or diameter) 

Zl 


1001 


AIResearch sized about 50 recuperators of four types for 45 selected engine 
thermodynamic cycles. Fifty values forgone recuperator dimension were se- 
lected. The values of the other two dimensions were calculated to give the 
specific effectiveness and pressure drop for each cycle. Different splits be- 
tween air and gas side pressure drops resulted. Allison used the sensitivity 
curves for weight, length, and diameter on a partial basis to select the re- 
cuperator with minimum DOC for each engine cycle. In general, the best size 
was a recuperator with slightly more than minimum weight, but slightly shorter 
and significantly less In diameter. 

Selection of Recuperator Type 

A recuperator type that provided minimum DOC was selected for each of the 45 
engine cycles. The types considered were: 

o two-pass cross-counterflow— metal tube and shell 
0 two-pass cross-counterflow— metal plate and fin 
o counterflow— metal plate and fin 
o counterflow— ceramic plate and fin 

The sensitivity curves were used to determine the effect of recuperator weight, 
recuperator diameter (or height) engine plus recuperator length, and recupera- 
tor cost on relative DOC. 

Specific fuel consumption was omitted and partial weight and cost for the re- 
cuperator were justified because comparisons of relative DOC were made for each 
individual engine cycle. A comparison of the four recuperator types is shown 
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in Table XVI for R e of U and HIT of 153B*C (2800’F). Comparisons are val 
line-by-line for selection of the best recuperator type because (1) parti a o 
weight and cost was used and (2) a new datum was assumed for each line (the 
tube and shell ADOC). Lowest ADOCs are underlined and represented by the 
most negative values of ADOC. Two-pass cross-counterflow (metal plate and 
fin) configurations and counterflow (ceramic plate and fin) configurations were 
selected for further evaluation. The tube and shell and counterflow (metal 
plate and fin) configurations were not contenders and were eliminated from fur- 

ther consideration. 

Direct Operating Cost Evaluation for Cyc le Selection 

The recuperative engine cycle parameters were selected to provide the minimum 
DOC. The sensitivity curves were used with complete values of. 


o SFC 
o cost 
o weight 
o length 

o height (or diameter) 

Engine cost and weight were calculated using Inhouse equations with recuperator 
costs from Garrett. Figures 28 through 30 show for a two pass crosscounter me- 
tallic plate and fin recuperator the effect of engine compression ratio <R C ), 
recuperator effectiveness (E), and recuperator total pressure drop (AP/P) for 
RIT of 1538*C (2800°F) on relative DOC. From these figures, minimum DOC is ob- 
tained at R - 13, E - 641, and AP/P - 101. Engine cycles with the ceramic 
counterf ^recuperator were similarly compared and minimum DOC design was ob- 
tained at R ■ 14, E - 601, and AP/P ■ 101. 

L - 

Table XVII compares overall DOC ratios and partial DOCs for each parameter for 
the best two recuperators: two-pass cross-counterflow metal plate and fin, and 
counterflow ceramic plate and fin. The metal recuperator has 1.41 lower over- 
all DOC. Based on DOC considerations, a metal two-pass recuperator was se- 
lected. The ceramic recuperator excels only In weight, due to the lower den- 
sity of ceramics. Therefore, the engine with two pass cross counterflow metal 
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TABLE XVI 

1538°C (2800°F) RIT ENGINES USING PARTIAL DOCS. 


TUBE AND SHELL -CERAMIC PLATE AND FIN 

TWO-PASS CROSS COUNTER COUNTER 


E AP/P WEIGHT 
KG 


60 

6 

17.4 


8 

17.3 


10 

15.7 

70 

6 

29.6 


8 

28.1 


10 

27.7 

80 

6 

73.1 


8 

45.2 


10 

41.7 


EIGHT 

L 

COST 

CM 

CM 


65.4 

95.0 

10,629 

57.7 

95.9 

10,485 

57.4 

89.8 

10,062 

65.3 

107.6 

12,795 

63.5 

107.3 

12,510 

61.5 

103.8 

12,498 

62.5 

144.2 

18,552 

70.9 

~ 103.3 

'16, *260 

64.3 

104.7 

15,072 


ADOC WEIGHT HEIGHT 



KG 

CM 

0.00 

28.2 

61.9 

0.00 

23.7 

62.6 

0.00 

21.3 

55.9 

0.00 

32.6 

64.0 

0.00 

31.6 

64.9 

0.00 

28.8 

58.3 

0.00 

54.8 

67.6 

0.00 

47.0 

*68.8 

0.00 

42.6 

69.9 


L COST ADOC 
CM 


92.0 7,084 - 1.03 

87.0 5,677 - 4.37 

86.7 6,302 - 3.38 

95.6 8,078 - 4.40 

90.1 6,523 - 7.02 

90.1 7,186 - 6.98 

101.6 9,766 -10.00 

*5.2 7,908 - 7.M 

91.5 6,839 - 8.32 


60 

70 

80 


METALL IC PLATE AND FIN 

TWO-PASS CROSS COUNTER 


E 

A P /P 

WEIGHT HEIGHT 
KG CM 

L 

CM 

COST 

ADOC 

60 

6 

36.7 

65.4 

90.8 

3,487 

-2.53 


8 

35.3 

58.9 

84.4 

3,087 

“3.79 


10 

32.6 

59.7 

82.0 

2,889 

— 3L42 

70 

6 

52.6 

68.1 

90.3 

3,495 

-6.05 


8 

50.4 

60.6 

83.1 

2,857 

-7.31 

80 

10 

48.3 

68.9 

87.3 

3,110 

-6.39 

6 

95.5 

67.4 

86.7 

3,529 

-11.68 


8 

93.8 

62.7 

82.1 

3,119 

=no 


10 

93.9 

60.0 

79.3 

2,911 

-4.80 




TUBE 

AND 

SHELL 


E 


TWO-PASS CROSSCOUNTER 

AP/P 

WEIGHT HEIGHT 
LB IN. 

L 

IN. 

COST 

ADOC 


COUNTER 


KG 


52.0 

44.3 

40.3 

68.4 

57.7 

52.8 

95.9 

83.4 

75.5 


CM 

67.5 

60.9 

56.3 

64.3 
63.2 

58.9 

67.9 

69.4 

68.6 


L 

CM 

95.8 

95.9 

90.4 
98.7 

99.5 

94.3 
104.0 

97.4 

99.5 


COST ADOC 


5,811 

6,342 

5,573 

6,807 

7,090 

6,206 

7,984 

6,494 

7,064 


7.26 

5.24 

4.25 
1.66 
0.50 

“1.92 

“7.41 

-2.53 


CERAMIC PLATE AND FIN 


6 

8 

10 

6 

8 

10 

6 

8 

10 


COUNTER 

WEIGHT HEIGHT L COST 
IN. IN. 


LB 


ADOC 


38.4 

25.76 

37.39 

10,629 

0.00 

62.2 

24.39 

36.23 

38.1 

22.71 

37.77 

10,485 

0.00 

52.3 

24.64 

34.24 

34.6 

22.60 

35.34 

10,062 

0.00 

47.0 

22.00 

34.12 

65.3 

25.70 

42.37 

12,795 

0.00 

71.8 

25.20 

37.65 

61.9 

25.00 

42.26 

12,510 

0.00 

69.6 

25.54 

35.48 

61.1 

24.20 

40.86 

12,498 

0.00 

63.4 

22.96 

35.47 

161.2 

24.6 

56.77 

18,552 

0.00 

120.9 

26.62 

39:99 

99.7 

27.9 

40.69 

16,260 

0.00 

103.6 

27.09 

37.49 

91.9 

25.3 

41.21 

15,072 

0.00 

93.9 

27.53 

36.04 


7,084 “ 1.03 

5,677 “ 4.37 
6,302 “ 3.38 
8,078 - 4.40 
6,523 - 7.02 
7,186 - 6.98 
9,766 “10.00 


7,908 
6,839 - 8.32 


TWO-PASS CROSSCOUNTER 


METALLIC PLATE AND FIN 


COUNTER 


E 

A P/P 

WEIGHT HEIGHT 
LB IN. 

L 

IN. 

COST 

ADOC 

WEIGHT HEIGHT 
LB IN. 

L 

IN. 

COST 

ADOC 

60 

6 

81.0 

25.76 

35.75 

3,487 

-2.53 

114.6 

26.57 

37.70 

5,811 

7.26 


. 8 

77.9 

23.17 

33.24 

3,087 

-3.79 

97.7 

23.98 

37.74 

8,342 

5.24 

70 

10 

71.9 

23.51 

32.29 

2,889 

-3.42 

88.9 

22.17 

35.59 

5^573 

4.25 

6 

116.4 

26.83 

35.56 

3,495 

-6.05 

150.7 

25.31 

38.87 

6,807 

1.56 


8 

111.2 

23.84 

32,73 

2,857 

-7.31 

127.2 

24.88 

39.16 

7,090 

0.50 

80 

10 

106.4 

27.12 

34.39 

3,110 

-6.39 

116.3 

23.17 

37.12 

6,206 

-1.92 

6 

210.5 

26.55 

34.15 

3,529 

-11.68 

211.4 

26.73 

40.96 

7,984 

-7.41 


6 

206.7 

24.68 

32.33 

3,119 


183.8 

27.34 

38.33 

6,494 



10 

207.1 

23.63 

31.24 

2,911 

-4.80 

166.5 

26.99 

39.18 

7,064 

-2.53 


ORIGINAL PAGE IS 

OF POOR QUALITY 
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TABLE XVII. 

RECUPERATIVE ENGINE COMPARISON-PLATE AND FIN RECUPERATORS. 


PARTIAL ADOCS 
SFC 

COST— $ 

WEIGHT- KG (LB) 
LENGTH-CM (IN.) 
WAMETER-CM (IN) 
TOTAL A DOC 
OVERALL DOC/DOC* 


CERAMIC 

COUNTERFLOW 


-0.72 

0.69 

-1.32 


1.41 

-1.24 

-1.58, 

-0.27) 

-0.52 

- 2.20 

0.9780 


(BEST) 


- WfTAL TWO-PASS 
CRQSS-COUNTERFLOW 


(EQUAL) 1.41 

-o 

-3.52 (BEST 
•0*8648 .(BEST 


TE86-4895 

i^Figure 3,’" Th ' “«"« outline Is shown 

All recuperator and engine performance had been calculated and compared for 

n;;:: rrjr — -« - £*« 

- the best engine and 

could be made to calculate DOC. Allison supplied sea level engine cycle data 

; the > “>»>** - level recuperator perform . 

Table XVIII shows the sea level and altitude performance details for the sel 

e ted two-pass cross-counterfiow meta, plate and fin recuperator Sea lev ' 


Engine Configuration 

z :r;r: ™:;, tztj- r- - — 

overall length to 38 cm (15 Hn i ™ - Manifolding increases 

15 cm (6 1 in ) sides fn * k ^ $1 * m ° dules are ranged so that the 

o cm (o- in.) sides form a hexagon with 27 cm do 8 In i inciH. w * 

are surrounded by a 49 cm (19 4 in i hi * k 1 * d dlameter and 

cm (19.4 in.) diameter exhaust duct. Total recuperator 
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TABLE XVIII. 

SEA LEVEL AND ALTm.DE RECUPERATOR PERFORMANCE TWO-PASS CROSS-COUNTERFLOW-METAL 


INLET 
PRESSURE 
■cft/CM* (PSI A) 

AIRFLOW 
EACH OF 
6 MODULES 
KG/SEC 
(LB/SEC) 

INLET 

TEMPERATURE 
*C (*F) 

OUTLET 
TEMPERATURE 
•C (*F) 

EFFEC- 

TIVENESS 

% 

ABSOLUTE 

PRESSURE 

DROP 

KG/CM* (PSI) 

PRESSURE 
DROP RATIO 
A P/P 

6096m (20,000 FT) 
AIR 7.03 (100.0) 
QAS 0.53(7.54) 

0.135 (0.2979) 
0.141 (0.3098) 

324 (616) 
699 (1290) 

549 (1021) 
497 (926) 

60 

0.31 (4.38) 
0.14(1.98) 

0.0438 CORE 
0.0263 CORE 
0.0303 MANIFOLDS 
0.1004 TOTAL 

SEA LEVEL 
AIR 13.7 (1M-2} 
GAS 1.17(16.68) 

0.256 (0.56411 
0.258 (0.5693! 

1 393(740) 

\ 842(1548) 

831 (1168) 
632(1169) 

52.9 

0.57 (8.04) 
0.02 (0.25) 

0.0414 CORE 
0.0151 CORE 
0.0129 MAINFOLDS 
0.0694 TOTAL 
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.eight including ducting Is 35 kg (77 lb.). Material Is modified nitride dis- 
persed type 321 stainless steel convoluted and brazed with 982’C (1800 F> capa 
blllty. The cores consist of 20 air passage layers and 21 gas passage layers 
interspersed. Exhaust gas makes one pass through the 5 cm (2 In.) d mension 
while compressor discharge air makes two passes through the 28 cm (11.1 •> 

dimension. This recuperator provides a thermal effectiveness of 601 and 

pressure drop of 10% cruise. 

The advanced technology recuperative engine features a two-shaft arrangement 
that permits considerable freedom In the matching of loads of differing torque 
versus speed characteristics to the same engine. 

The engine, which has modular construction. Incorporates a radial 
integral with the accessory gearbox, a two-stage axial compressor with ar able 
geometry, an Impeller with radial diffuser, a single can combustor, a sing e- 
stage axial gasifier turbine, a two-stage axial free power turbine, a as x - 
ule metal two pass cross-counterflow recuperator, and an e ec ronic 
trol system. 

in summary. Inlet air passes through a radial inlet to the ^ 

pressor. There It passes through variable Inlet guide vanes, which 


to change engine airflow, and to an axial compressor and an Impeller, where It 
Is compressed. The compressed air passes from the Impeller through a parallel 
wall radial vaned diffuser and Is collected by a T1A1 scroll. The compressor 
discharge air makes two passes through the 28 cm (11.1 in.) dimension of the 
recuperator core, where It Is heated, and exhaust gas makes one pass through 
the 5 cm (2 In.) core. From the recuperator, the air flows through an H-188 

Lamllloy combustor. 

fuel is mixed with the air and burned in the combustor to bring the tempera- 
ture of the fuel/air mixture to 1538’C (2800*F). The hot gases are collected 
by an Inlet scroll where the vanes direct the flow to the gasifier turbine. 
Sufficient power Is extracted at this location to meet the requirements of the 
HP compressor and the oil pump system. 

The discharge from the gasifier turbine Is directed through an Interturbine 
duct and vane arrangement at the power turbine. The vanes direct the gas flow 

to the power turbine where power output Is extracted for various applications. 
The flow from the power turbine Is directed through the recuperator to the 

exhaust. 

Regenerative Engine Cycle Evaluation 
Cycle Analysis 


A comprehensive parametric study was' made to select the optimum regenerator- 
engine combination. Regenerator, as used here, refers to a rotating periodic- 
type heat exchanger. The following parameters were considered: 

o engine 

o compression ratio, Rc — 6, 8, 10, 12 

o turbine rotor Inlet temperature, RIT — 1204*C, 1371°C, 1538°C (2200 F, 
2500* F, 2800° F) 

‘Lamllloy Is a registered trademark of the General Motors Corporation. 
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o regenerator 

o effectiveness, EX—60, 65, 70, 75, 80 

o total pressure drop, AP/Pi- 6, 8. 9. 10. 11. 12. 13. 14. 17. 20 
o passage shape and size (hydraulic diameter— D H ) 
o parameters— number of passages/in. 2 (N). surface area/unlt volume (0), 
passage hydraulic diameter (0 H >, wall thickness <S>, and open area 
fraction (a) all Interrelated 
o flow length (disk thickness) 
o disk flow area and seal blockage area 
o gas to airflow area split 
o disk rotational speed 
o heat transfer and friction coefficients 
o number and arrangement of disks 
o disk and seal materials 
o size, weight, and cost 


A total of 126 engine cycles were evaluated. Figure 32 shows a typical para- 
metric analysis plot for the regenerative englne'cycle. This trend of speclfl 
fuel consumption and specific horsepower as a function of cycle Rc and RIT Is 
for a regenerator having a design effectiveness of 70X, and a total pressure 

drop of 13X. A description of the procedure for selecting the optimum regener 
ator engine combination follows. 

Regene rator Configuration Analysis 

Configuration 


Allison selected an extruded ceramic heat transfer matrix with equilateral 
triangular passages formed by three sets of parallel walls Intersecting at 
common points. Figure 33 Is a photo of a similar matrix. This triangular ma 
trlx provides the strength required to resist radially Inward pressure loads 
An open area fraction of 0.715 was selected based on previous stress analysis 
that showed that such a matrix would withstand the pressure loads (Ref 2). 
Once the open area fraction has been selected, the relationship of four addi- 
tional matrix variables Is fixed, as shown In Table XIX; 
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heat transfer matrix properties for 

FRACTION OF 0.715. 


TABLE XIX. 

equilateral triangular passages with open area 


SURFACE 

VOLUME 

b-FT/FT 


800 

900 

956* 

1000 

1800* 


HYDRAULIC 

DIAMETER 

Dh-»N. 

0.0429 

0.0381 

0.0359 

0.0343 

0.0190 


PASSAGES 

IN.* 

N 


299 

379 

427 

468 

1500 


WALL 
THICKNESS 
a — IN. 


0.0079 

0.0070 

0.0066 

0.0063 

0.0035 


• SELECTED FOR TILT ROTOR AIRCRAFT MINIMUM DOC 
** TYPICAL SELECTION FOR GROUND APPLICATION FOR MINIMUM SPECIF1 

FUEL CONSUMPTION (SFC) 
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Surface-to-volume ratio was used as a primary variable In the heat * rans 
calculations. Analytical values of the dimensionless Colburn heat trans er 
factor (i)lnd Fanning friction factor (f). were used (Ref 3). These ana , t - 
cal values are judged to be representative of the experimental values that have 
been reported. As a function of Reynolds number (Re) for fully deve ope am!- 

nar flow, they are: 


J x Re - 3.51 - constant 
f x Re - 13.333 - constant 

The regenerator disk parameters were fixed based on prior experience. Open 
area fraction was limited to a maximum of 0.715 for strength requirements, 
minimum workable disk flow length or thickness of 7.6 cm (3 In) was c osen 
because minimum length produces minimum disk volume and “alghtfor a give 
effectiveness and pressure drop. Higher values of surface-area- o-vo urn rasp 
(„) compensate for shorter flow length. Gas-to-alrflow area rati w, e a 

1.2 to provide minimum specific fuel consumption. Disk rotational sp 

rpm. 


4-20 


" * d 5k P :™ eters f, « d - generator sizing Involved f,„ d1ng the COT _ 

tlZ tl th SUr ' t0 ' V0,Ume rat, ° <B) and d,s * dian eter CD) required to ob- 
eli HI ob!"" f ' ffeCt1VeneSS and pressure dr °P selected for each engine cy- 
cle. Higher surface area Increases effectiveness and pressure drop while 

z:„ s f d :r: ter ,n r * nd a„ 

on „r ! e " 9 ,nternal dUCt pressure losses was lecluded, based 

250 Lit T a ‘° rS “ 6re S,Zed for the 60,6 ■ <20-000 ft) altitude. 

250 knot cruise condition since Host mission fuel was burned at that condition 

Reyno ds number -effects at ,1*1 tod. -conditions required lower values of surface 

laonnH, d,a " atar P a » a *“ than those for sea 

level applications, as shown In Table XIX. 


a Lhl T" ” emP ' 0y d01Jb,e - S,dcd 5aals Poth sides of the disks with 
a rubbing face seal on one side and a static leaf seal on the other. The seals 

re exposed to full engine pressure ratio. Allowance for seal leakage must be 

made In engine performance calculations. A seal leakage scaling equation 

L“ dd " a 7 5tab ' ,shed ens1ne da ‘ a base, was used. This equatlo Is 

thickness. The equation treats the rubbing wearface. static leaves,' and 
carryover due to disk rotation separately. The equation Is as follows: 


where 


- 0.3L 




wearface 



leaf joints leaves carryover 


L - absolute leakage 
D -disk diameter 
- compression ratio 
N -disk speed 
W - disk thickness 

1 - base conditions 

2 -a new conditions 


Two 

ure 


regenerator disks were selected to minimize engine length and height. Fig 
34 shows how the disks contribute to engine length and height, yet provide 
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a compact package. Smaller disk diameters, provided by the use of two disks, 
allow the capability for a one piece extrusion eliminating cement joints. Two 
disks have the disadvantages of higher leakage, weight, and cost, which are 
important factors and would merit further study In a detailed design. 

Materials and Cost 


Current regenerator materials are adequate for the cruise-sized tilt-rotor alr- 
xraft *becaus« this application -does not-allow -use of .high regenerator Inlet 
temperature. Regenerator Inlet temperature Is 769 # C (1417*F) at the operating 
cruise condition. The regenerator disk would be extruded aluminum silicate 
which Is rated for 1093’C (2000’F) steady-state operation. The cold side seal 
would use a 0.06 thick 430SS platform with attached Impregnated graphite 
wearfacing and Inco X750 seal leaves. The hot side seal would use an 0.08 
thick Inco 625 platform with Impregnated graphite rim wearface and plasma 
sprayed nickel oxide-calcium fluoride crossarm wearface with L605 cobalt alloy 
seal leaves. Regenerators with these materials have demonstrated good 
durability at 982«C (1800‘F) and 4:1 pressure ratio In ground applications and 
are expected to be adequate for the selected cruise temperature of 769’C 
(1417*F) and 10:1 pressure ratio. 


Cost estimates for several regenerator diameters were obtained from the disk 
and seal vendors supplying current parts for Allison engines. Curves were ob- 
tained from the cost data to provide costs for all sizes evaluated. Allowance 
was made for the proposed production rates. The sensitivity factors derived 
In Task I describe the effect of relevant engine and regenerator parameters on 
the tilt-rotor aircraft DOC. Figure 11 shows these sensitivity curves. The 


as follows: 


o SFC 

46X 

o cost 

261 

o weight 

121 

o length 

91 

o height (or diameter) 

11 


100X 
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Direct Operating Cost Evaluat ion for Cycle Selection 


The engine cycle wee selected to provide mini™. DOC at the cruise condition 
The DOC sensitivity curves were used to obtain the separate factors for: 


o SFC 
o cost 
o weight 
o length 

o height (or diameter) 


These separate factors were summed to obtain an overall DOC factor for each 
engine. Engine cost, weight, and length were calculated using Inhouse equa- 
tions for turbomachinery, gearbox, and accessories with regenerator values 
added. Regenerator weight and cost Included values for covers, drives, and 
ducting. Figures 35 through 37 show plots of DOC versus engine R c , regenera- 
tor effectiveness (E). and regenerator AP/P. These plots show that minimum 
00C is obtained when R. - 9.5. E - 69%. and AP/P ■ 131. Calculations were 
extended to AP/P - 201 but showed no tendency to optimize. Reductions In 
regenerator weight with Increasing pressure drop were-greater than the In- 
creases In engine size and weight necessary to maintain the required power. 
These results merit further study. It was decided to limit the regenerator 
pressure drop to 131 because the resulting axial disk loads act against the 
cold side seal and result In greater seal wear. The regenerator disks for the 
selected engine were 15.72 In. In diameter. The size of their cases re a ve 
to the engine Is shown In Figure 34. Based on these considerations, the regen- 
erative engine with R c - 10. E - 70 X. and AP/P - 131 was selected. 


All regenerator and engine performances had -been calculated and compare or 
the cruise condition (6096 m [20.000 ft] altitude. 250 knots) where the major- 
ity of mission fuel Is burned. It was necessary to calculate sea level per or- 
mance for the selected engine and regenerator combination so that a mission 
analysis could be made to determine actual DOC. Table XX shows both the sea 
level and altitude performance data for the selected regenerator. Sea eve 
effectiveness and pressure drop are lower than at altitude because of Increased 
Reynolds number. However, only a small portion of mission fuel Is burned at 
sea level conditions. The Reynolds number effect also accounts for the 
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tlon of passages with larger hydraulic diameter for altitude conditions as 
opposed to ground applications as depicted In Table XIX. Leakages of 5.21 at 
6096 m (20,000 ft) cruise and 5.51 at sea level 1001 were calculated for the 
selected regenerator-engine combination. 

Engine Configuration 

The regenerative engine shown In Figure 34 Is a two shaft engine. Air passes 
through a conventional Inlet housing through variable Inlet uulde *vanes and 
then through an axial /centrifugal rotor, where It Is compressed. The com- 
pressed air passes from the Impeller through a parallel wall radial vaned 
diffuser and Is collected by a T1A1 scroll. The compressor discharge air then 
passes through the high pressure side of either rotating ceramic regenerator 
disk where It Is heated. From the regenerators, the air flows through an H-188 
Lamllloy combustor. 

Fuel Is mixed with the air and burned In the combustor to bring the temperature 
of the fuel /air mixture to 1538 # C (2800 # F). The hot gases are discharged Into 
a scroll where the vanes direct the flow to the gasifier turbine. Sufficient 
power is extracted at this point by the gasifier turbine to meet the require- 
ments of the HP compressor and the engine and aircraft accessories. 

The discharge from the single-stage gasifier turbine Is directed through an 
Interturbine duct and vane arrangement to the two-stage power turbine: The 
vanes direct the flow to the power turbine where the power output for various 
applications Is extracted. The flow from the power turbine goes through the 
low pressure side of each of the regenerators to the exhaust. 

The regenerative engine employs two rotating ceramic regenerator disks 40 cm 
(15.7 In.) In diameter and 8 cm (3 In.) thick. The disks are extruded 
aluminum silicate with 426 equilateral triangular holes per square Inch and 
0.02 cm (0.0066 In.) thick walls, resulting In 0.715 open area. Each hole has 
a 0.09 cm (0.036 In.) hydraulic diameter (Inscribed circle). Regenerators op- 
timized for altitude operation require larger holes than those for sea level 
operation where 0.05 cm (0.019 In.) hydraulic diameter is common. Each disk 
weighs 5.6 kg (12.4 lb) . 

ORIGINAL PAGE IS 
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TABLE XX. 

SEA LEVEL AND ALTITUDE REGENERATOR PERFORMANCE CERAMIC TRIANGULAR PASSAGE MATRIX. 


INLET 
PRESSURE 
KG/CM* (PSIA) 

8096m (20,000 FT) 


AIRFLOW 
EACH OF 
2 DISKS 
(LB/SEC) 


INLET 

TEMPERATURE 

•cm 


OUTLET 

TEMPERATURE 

g-ffl 


absolute 

Tiraras PR ^I^ RE PRESSURE 
T1VENESS DROP DROP RATIO 

* KQ/M* (PSI) ap/p 


AIR 

GAS 

5.16 (73.4) 
0.58 (8.24) 

0.47 i 
0.48i 

(1.027) 

(1.0598) 

259 (499) 
769 (1417) 

617(1142) 

447(836) 

70.0 54.56(0.0776) 0.0011 

604.95 (0.9116) 0.1189 







0.0100 DUCTS 

SEA LEVEL— MAXIMUM 




0.130 TOTAL 

AIR 

GAS 

10.02 (142.6) 
1.24 (17.7) 

0.85 

0.88 

(1.8811) 

(1-9463) 

322(611) 
921 (1690) 

653(1207) 

629(1165) 

55,2 52- 40 (0 0659) 0.0006 

755.13 (1.0740) 0.0681 


w>viw I/VVI0 

0.0787 TOTAL 
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ompressor discharge flow Is directed through one sector of the disk and tur- 
ne outflow through the remaining sector. The disk matrix absorbs heat from 
the turbine outflow, carries it to the other sector by rotation, and gives it 
up to the compressor discharge flow. The two flows are directed through the 

disk and kept separated by seals running against the disk faces. 

The seals have sheet metal substrates with attached graphite and metal oxide 
wear facings sealing against the rotating disk and metal foil static sealing 
leaves sealing against the engine casing. A regenerator leakage of 5.2* at 

ri r „7r a 7r d , f0r the $e,ected des ' 9 "' The disk l! drive n by a surrounding 
Ting gear Joined to its outer diameter by a cast-ln-place elastomer. 

The entire regenerator system including a portion of engine case weight assign- 

- * ° * negenerator Is 30.6 kg (67.4 lb). The system provides a thermal 

effectiveness of 701 and pressure drop of 131 at cruise. 
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Wave Rotor Engine Cycle Selection 

For the wave rotor engine cycle, cycle pressure ratios fra. 15 to 45 were 
studied along with turbine rotor-inlet-temperatures from 2200 F to 2800 . 

Figure 38 shows the parametric cycle analysis trends of specific f- ™- 
tlon and specific horsepower for the range of cycle parameters Invesltaged 
The optimum wave rotor cycle occurs at Rc - 38 and RIT - 2800 F. as s own 

Figure 39. 

A possible arrangement of a wave rotor In-line engine using the Comprex system 
,s shown schematically In Figure 40 and shown mechanically 1" Figure 41 The 
wave rotor In-line configuration provides an engine envelope that strea - 
lined and similar to an existing engine but somewhat longer and eavier wi 
the addition of the wave rotor components. Because of the asymmetric n e 
and outlet ducting of the wave rotor, the In-line configuration is best su ted 
to centrifugal compressors and turbines where the swirl of the gases can 
Id to extract the mass flow at discrete locations around the periphery o 
the rotating components In ducts that can be matched to similar ducts on 
wave rotor. Locations of the two combustors within a streamlined envelope 
configuration may be difficult because of the need to reroute air and combus- 
tion gas around the wave rotor. In order to Keep the Comprex system into a 
compact configuration,. the following techniques have been employed. 

' o the two combustors are placed on the top and bottom of the Comprex system 

to maintain relative short duct connections 
o vaned diffusers are used as the main technique for rapid diffusion of 
existing flows to low velocities In order to shorten the connecting ducts 
o the use of short turning distances permits compact ducting arrangements 
for the wave rotor Including the upstream and downstream Inlets 

The mechanical arrangement shows that air passes through the low pressure com- 
pressor (axial and centrifugal made from rapid solidification technology (RST) 
A1 and T1A1 forging, respectively) and the Comprex rotor (made from oxide d,s- 
persloned strengthened (00S) N1) before entering Into the two combustors 0 
and D, at station 3. The combustor D„ discharge gas (station 4) passes 
through the Comprex and from there to the power turbine (made from TiAlK The 
combustor D, exit gas at station 5 (with dilution If required) passes through 
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the low pressure turbine nude from NIjAl (station 6) and Is mixed with the 
Comprex discharge gas (station 7) before the power turbine (station 8). 

The wave rotor engine Is unique because the single stage LP turbine does not 
produce enough energy to drive the LP compressor under all operating condi- 
tions. A special gearbox located at the engine front Is designed to transfer 

energy from the three-stage power turbine to the IP turbine for driving the LP 
compressor. 


engine cycle/configuration selection 

Table XXI compares the optimum cycles for each of the 5 configurations inves- 
tigated. Each of these cycles was optimized using relative direct operating 
cost as the figure of merit. A preliminary analysis was conducted to estab- 
lish the feasibility of these five configurations. 



i 

TABLE XXL 

SECT OPTIMUM CYCLE COMPARISON. 



baseline concentric 

14 25 

1204 (2200) 1530 (2000) 

8.7 3.2 


CRUISE SFC 0.412 0.330 

WEIGHT— KG (LB) 116 (255) 60 (124) 

OEM COSTS 214,932 111,651 

A DOC - % BASE ISO 


NONCONCENTRIC 

30 

1530 (2000) 

33 

0327 
63 (130) 
123,780 
153 


RECUPERATIVE 

13 

1830 (2000) 
33 

0300 
105 (232) 
125,000 

14 


REGENERATIVE 

10 

1530 (2000) 
33 

0306 
102 (224) 
100,400 

11.6 


WAVE ROTOR 

30 

1530 (2000) 
33 


033 
06 (107) 
154,000 
113 
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The design analysis of the concentric engine indicated that the bore stress in 
the ceramic HP turbine was prohibitive. Moving the HP spool out in the 
nonconcentric type configuration eliminated the requirement to pass shafting 
through the center of the high presure rotor, thus eliminating the bore stress 
problem. 

A thorough analysis of the wave rotor type engine was not complete at the end 
of Task II. The initial investigation Into the wave rotor indicated that the 
shaft power output type was unsuitable for gas turbine applications because of 
inherent low efficiency as compared to projected compressor efficiency for year 
2000. On the other hand, the pressure exchanger type wave rotor (no shaft 
power output) is mechanically complex due to the required flow split ahead of 
the high pressure turbine. However, recent wave rotor analysis indicates that 
the shaft power output device can be made at least as efficient as that pro- 
jected for year 2000 compressors, as Illustrated in Figure 42. This figure 
shows that for corrected exit flows less than 0.41 kg/sec (0.9 lb/sec), the 
efficiency potential of the wave rotor exceeds that of the compressor effi- 
ciency assessment for year 2000. At least an additional 11 reduction in DOC 
would be realized based on the projected Improvement in wave rotor perfor- 
mance. A more detailed study is required to fully assess the potential of 
wave rotors for year 2000 gas turbine applications* 

Based on these analyses, the nonconcentric engine, recuperative engine, and 
regenerative engine were selected for system performance evaluation. The per- 
formance, component selection, dimensional data, for each selected configura- 
tion and reference engine are presented in Table XXII. Table XXIIA gives a 
detailed weight and cost breakdown of these three selected configurations. 

The engine cost and appropriate regenerator or recuperator costs are also 
tabulated in Table XXIIA. - 


ORIGINAL PAGE IS 

OF POOR QUALITY - 
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TABLE XXII. 

TASK III STUDY ENGINES — DEFINITION AND DATA SUMMARY 


ENGINE 

IDENTIFICATION 


NO. SPOOLS 
L.P. COMPRESSOR 
H.P. COMPRESSOR 
H.P. TURBINE 
L.P. TURBINE 
POWER TURBINE 


IRP AT SLSS 

* Rs 

• Rrr f °c (®F) 

•Wi, Kg SEC (LB/SEC) 


BASELINE ENGINE 


CONCENTRIC 
CYCLE ENGINE 


CENTRIFUGAL 

AXIAL 


ADVANCED TECHNOLOGY ENGINES 


RECUPERATIVE 
CYCLE ENGINE 


REGENERATIVE 
CYCLE ENGINE 


• SHP t HP 


6.1 KM (20000*) 



MAX CRUISE AT 
463 KjtvHR TAS (250 KTAS) 
•SHP 
• SFC 

(A SFC%) ___ 


WEIGHT Kg (LB) 

(A WEIGHT %) 


MAX LENGTH, CM (IN.) 
MAX HEIGHT, CM (IN.) 
TURB EXIT DIA t CM (IN.) 


OEM COST, 1085 $ 

(A COST, %) • 


LP COMPRESSOR 
W 6 IN 
W'/S s OUT 
RC 
tjAO 


HP COMPRESSOR : 
W\/©6IN 
W >/§ 6 OUT 
RC 
tjAD 


HP TURBINE 
W\/6/8 

t)AD 

RPM 

Re 
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TABLE XXII A 

ADVANCED ENGINES WEIGHT BREAKDOWN 



NONCONCENTRIC RECUPERATIVE REGENERATIVE 

ENGINE: 

Section 

Wt-Lb 

Wt-Lb 

Wt-Lb 

Inlet/Fwd Support 
LPC Rotor 
LPC Housing 
Scroll & Diff-LPC 
HPC Rotor 
HPC Housing 
Scroll/Diffuser 
Combustor & Hsg 
HPT Rotor 
HPT Housing 
Interm. Turb Spt 
LPT Rotor 
LPT Housing 
Power T Rotor 
Power T Housing 
Rear Brg Support 
Block (Vi) 

Regenerators (2) 

(with Vi block) 
Recuperator 
Exhaust Duct(s) 

Controls 
Acc Dr Gearbox 

TOTAL WEIGHT 

TOTAL MANUFACTURING 
COST 

7.12 

6.61 

1.21 

12.14 

1.64 

1.87 
2.98 
7.38 
1.06 
1.31 

1.88 
3.79 
7.46 
9.88 
5.57 

37.76 

28.82 

138.86 

$123,788 

3.66 

6.77 

BX)7 

6.37 

24.32 

5.08 

1.87 

5.02 

8.50 

6.65 

# 

77.00 

17.50 

34.81 

26.02 

s 

231.64 

$125,608 

4.34 

7.44 

8.87 

6.67 

17.21 

6.31 

2.33 

5.41 

9.15 

7.16 

9.42 

67.35 

6.04 

36.49 

27.37 

223.56 

$160,486 

RECUPERATOR/ 
REGENERATOR COST 

— 

$ 8,370 

$ 30,280 
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V. TASK III. SYSTEM PERFORMANCE EVALUATION 

The purpose of the Task III effort was -to provide * -system performance evalua- 
tion of the Task II selected advanced technology engine configurations agains 
the Task I selected baseline or state-of-the-art engine. 

The nonconcentrlc. recuperative, and regenerative engines war, - evaluated using 
the Allison mission analysis procedures and ground rules established In Ta 
I. Each study englne/tllt-rotor aircraft combination was sized to mee 
specified design mission. All engines were sized for the cruise rate 
requirement. The unity size engines have the same shaft horsepower 5 P 
his cruise sizing condition so the critical weight 

terlstlc for each engine will trend the weight number shown In Table XXII. 
mission analysis provided the following: 

o aircraft weight, mission fuel , and DOC breakdowns 
o engine/aircraft sizing information 

o aircraft acquisition cost, fuel burned, and TOGW comparisons 
o DOC comparisons (primary figure of merit) 

MISSION FUEL 

Reductions In mission fuel burned are shown relative to ‘be baseline engine 
powered tilt-rotor aircraft In Figure 43. The fuel burn reduct ons shown In 
Hgure 43 -are a result of the maximum cruise power specific fuel consumptlo 
(SFC) characteristics summarized In Table XXII. Table XXIII shows that 861 of 
the mission fuel Is consumed at a power setting that Is approximate to maximum 
cruise at the cruise altitude and velocity. The fuel bur, reduct ons nd 1c ted 
in Figure 43 are 30.71 for recuperator. 30.51 for regenerator, and 30. 1 for 
nonconcentrlc. All three advanced technology engines achieved the ue urn 

reduction goal of 30X. 


AIRCRAFT WEIGHT 

Aircraft weight breakdown for each study engine/tllt rotor aircraft is shown 
t Table XXIV. The advanced engine weight varies from 2.81 for the nonconcen- 
trie elgine to 4.71 for the recuperative engine whereas the base„ne eng,ne 
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ORIGINAL PAGE'S 

OF POOR QUALUX. TABLE XXIII. 

MISSION FUEL BREAKDOWN COMPARISON 



I. MISSION PHASE 
START AND WARM-UP 
ALLOWANCE 

•TAKEOFF ANO TRANSTTION 
ALLOWANCE 
•CLIMB @ 333-3 Km/HR 
EAS (1M KEAS) 

•CRUISE @ 3-1 Km/4S3 Km/HR TAS 
(20,000 FT/250 KTAS) 
•TRANSITION ANO LAND 
ALLOWANCES 
SHUT-DOWN ALLOWANCES 
FUEL BURNED 
•RESERVES 
TOTAL FUEL . 

IL ENGINE POWER 

INTERMEDIATE RATED POWER 
MAX CONTINUOUS (APPROX) 
GROUND IDLE 
TOTAL 


1.36 (3) 

15 (32) 

52 (115) 

273 (602) 

12 (27) 

0.51 (2) 

354 (761) 

157 (347) 

511 (1126) 

67 (146) 

442 (675) 

2.27 (5) 

512 (1128) 


0.3 

2.9 

10.2 

532 

2.4 
0.2 
69.2 
30.6 
100.0 

13.1 

96.4 
0.5 
100.0 


RECUPERATIVE 
CYCLE ENGINE 


REGENERATIVE 
CYCLE ENGINE 


0.91 (2) 

10 ( 22 ) 

36 (64) 

186 (411) 

9 ( 20 ) 

0.45 (1) 
245 (540) 

110 (242) 

355 (762) 

46 (106) 

305 (673) 

1J6 (3) 
355 (782) 


0.2 0.91 (2) 


U 

10.7 

52.6 

2.6 
0.1 
60.0 

31.0 

100.0 

13.6 

66.0 

0.4 

100.0 


10 (23) 

39 (67) 

165 (406) 

10 ( 21 ) 
0.45 (1) 
246 (542) 

109 (241) 

355 (763) 

50 ( 110 ) 

304 (670) 

1-36 (3) 
355 (783) 


0.2 

2.9 

11.1 

52.2 

2.7 

0.1 

69.1 

30.8 

100.0 


14.0 
85.6 
0.4 

100.0 


NONCONCENTTSC 
CYCLE ENGINE^ 
% 


0.91 (2) 

10 ( 22 ) 

36 (60) 

191 (423) 

6 (16) 

0.45 (1) 
247 (546) 

112 (246) 

356 (782) 

46 (102) 

312 (667) 

1.36 (3) 
356 (782) 


(L2 

26 

10.1 

53.4 

23 

0.1 


31.1 

1006 


126 

86.7 

0.4 

1006 


weight is 5.21. The fuel weight is in the range of 8.31 to 8.81 for the 
vanced engines and 11.11 for the baseline engine. Figure 44 shows reduc o 
in TOGW of 7.71 for the recuperative engine, 8.01 for regenerative engine, and 
11 51 for the nonconcentric engine compared to the baseline engine. The non- 
concentric engine has the largest reduction In TOGW because it has the lowest 
engine weight of the advanced engines. For this mission, all three a vance 
engines had fuel burn reductions of =30%. 


COST COMPARISONS 

With the fuel and TOGW trend variations established for the advanced engines, 
aircraft acquisition cost trends shown in Figure 45 -ill trace with the engine 
original equipment manufacturer (OEM) cost characteristics listed in Table 
XXII. Aircraft' cost equals airframe plus engine acquisition cost, where 
airframe cost is a function of airframe weight. The reductions in direct 
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TABLE XXIV. 

AIRCRAFT WEIGHT BREAKDOWN COMPARISON 


ENGINE 1.0. 

BASELINE 

ENGINE 

RECUPERATIVE 
CYCLE ENGINE 

REGENERATIVE 

CVCl f ninnic 

nonconcentric 

BARE ENGINE WEIGHT 
PROPULSION GROUP (LESS 
ENGINE WEIGHT) 
STRUCTURE GROUP 
FIXED EQUIPMENT 
•MFG EMPTY WEIGHT 
USEFUL LOAD 

•OPERATING EMPTY WEIGHT 
PAYLOAD (• PASS, fa 
•1 KG (200 LB) EA 
•ZERO FUEL WEIGHT 
FUEL (USABLE) 

•TOGW 

Kg (LB) 

239 (520) 

939 (2003) 

1014 (2230) 

997 (2131) 

31 SO (9990) 

224 (494) 

3390 (7452) 

729 (1900) 

4109 (9092) 

512 (1129) 

4919 (10.190) 

% 

5.2 

20.3 
21.9 
20.9 

69.3 
'4.9 

15.7 

11.1 

100.0 

Isis islsss i i 

fill isiffl i i 

% 

4.7 

20.0 

22.9 

22.1 

69.6 

5.1 

17.0 

9.3 

100.0 

Kg (LB) 

193 (429) 

947 (1999) 

971 (2140) 

•37 (2099) 

2949 (9900) 

219 '(492) 

3197 (9992) 

729 (1900) 

3993 (9992) 

355 (793) 

4249 (9395) 

% 

4.5 

19.6 

22.9 

22.1 

99.4 

“*5.1 

17.1 

9.4 
100.0 

vtvlc cnu 

Kg (LB) 

114 (252) 

793 (1749) 

982 (2099) 

925 (2040) 

2794 (9139) 

219 -(490) 

3002 (9919) 

729 (1900) 

3729 (9219) 

359 (792) 

4097 (9010) 

me 

% 

2.9 

19.4 

23.3 

22.6 

99.1 

5.3 

17.9 

U 

ioo a 
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operating cost (DOC) for the advanced engines are shown in Figure 46 for $l/ga1 
and $2/gal fuel cost. The direct operating 'cost (DOC) trends shown In Figure 
46 track with the aircraft acquisition cost trends. This conclusion is con- 
firmed by examination of the DOC cost breakdown comparison tabulated in Table 
XXV. The. fuel and oil effect on ADOC for this mission is -2X for all ad- 
vanced engines. The two largest cost components. Insurance and depreciation, 
are direct functions of aircraft acquisition cost. A more detailed breakdown 
for DOC is-shown in Table XXVI for the baseline and nonconcentric engine. Only 
22X of the advanced engine/tilt rotor aircraft DOC was Influenced by engine 
characteristics. 

ENGINE SELECTION 

Tab]e XXVII presents a summary of the mission results. The nonconcentric en- - 
gine was selected because it has the greatest reduction In DOC relative to the 
baseline. The reduction In DOC Is 16.5% "for $l/gal fuel cost and 17.4% for 
$2/gal fuel cost. Figure 47 shows a general arrangement of the nonconcentric 
engme. Table XXVIII provides a cycle summary of this engine at sea level and 
at the 20,000 ft altitude cruise condition. 
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TABLE XXV. 

DOC COMPARISON— $/BLK HR 


DOC @ 0.26 $/L (1.00 S/GAL) AND 1000 HR/YEAR 


REGENERATIVE 
CYCLE ENGINE 

56 

319 

214 

89 

315 

63 

1056 

(-10.9%) 


_J 
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ENGINE 10 


FUEL AND OIL 
INSURANCE 
‘A/C MAINTENANCE 
ENGINE MAINTENANCE 
DEPRECIATION 
flight CREW 
TOTAL * 

(A DOC, %) 


BASELINE 


RECUPERATIVE 
CYCLE ENGINE 



TABLE XXVI 

DOC BREAKDOWN— $/BLK HR 


0.26$ /L (1.00 $/GAL) AND 1000 HR UTILIZATION 


BASELINE POWERED 
TILT-ROTOR 


NONCONCENTRIC POWERED 
TILT-ROTOR 


AIRCRAFT 


ENGINE - 


FUEL AND OIL 
INSURANCE 

AIRCRAFT MAINTENANCE 
ENGINE MAINTENANCE 
DEPRECIATION 
FLIGHT CREW 
TOTALS = 

(%TOTAL DOC) 


279.36 (23.6%) 
235.32 (19.8%) 


274.37 (23.2%) 
63.00 (5.3%) 
852.05 
(71.9%) 


79.77 (6.7%) 
79.87 (6.7%) 


91.31 (7.8%) 
82.01 (6.9%) 


332.96 

(28.1%) 


TOTAL 
A/C * ENG 


AIRCRAFT ♦ ENGINE- 


79.77 

359.23 

235.32 

91.31 

356.38 

63.00 

1185.01 

( 100 %) 


255.57 (25.8%) 
203.14 (20.5%) 


251.00 (25.4%) 
63.00 (6.4%) 
772.71 
(78.1%) 


56.06 (5.7%) 
40.25 (4.1%) 


78.41 (7.9%) 
41.34 (4.2%) 


216.06 

(21.9%) 


TOTAL 
A/C ♦ ENG 


56.06 

295.82 

203.14 

78.41 

292.34 

63.00 

988.77 

( 100 %) 


VS85-1297 
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TASK 


TABLE XXVII 

SUMMARY OF MISSION RESULTS 



TOGW 

SHPENGINE @ IRPSLSS 
ROTOR DIAMETER 

RWC CAPABILITY 
@ 0.61 Kr»VO KM/HR 
T AS/ISA + 1CTC IRP-AEO 
(2000 FT/0 KTAS/ISA + 50T IRP-AEO) 
•OEI R OF C CAPABILITY 
<§ 0.30 Km/136.9 Km/HR 
T AS/ISA +*rc 
(1000 FT/75 KT AS/ISA + 66*F) 

30 MIN POWER - OEI 
•CRUISE R OF C CAPABILITY 
@ 6.1 Km/463 Km/HR TAS/ISA 
(20.000 FT/250 KT AS/ISA) 

MAX CONTINUOUS POWER 

TOTAL FUEL (MISSION + RESERVES) 
BLOCK FUEL 
ENGINE AL 

TOTAL AIRCRAFT A CO COST 
DOC @ 0.26 5/UTER (100 6/GAL) 

AND 1000 HR 

DOC @ 0.53 5/UTER (2.00 S/GAL) 

ANO 1000 HR 


(0 FPM REO'D) 

140 M/MIN (460 FPM) 
(150 FPM REO'D) - 


61 M/MM (300 FPM) 
(ENGINE SIZING FT) 


512 KG (1126 LB) 
354 KG (781 LB) 


145 (460) 


91 (300) 


355 (792) 
245 (541) 



140 (460) 


91 (300) 


355 (793) 
246 (543) 


113 (370) 


91 (300) 


359 (791) 
246 (546) 


(-30.1%) 



For the nonconcentrlc engine, the effects of SFC. weight, maximum envelope 
length, maximum envelope height, and OEM cost on TOO. and DOC. was de ermlned 
Figure 48 Indicates engine specific fuel consumption (SFC) to have the larges 
effect on direct operating cost (DOC) followed by original equipment manufac- 
turer (OEM) cost. Changes In envelope dimension are shown to have a relative y 
small effect on DOC with respect to a 1C* change In either length or height 
requirements. The TOGH and DOC sensitivity levels developed for the advanced 
technology engine In Task III are significantly lower (30 to 60%) than those 
obtained from the baseline or current technology engine In Task I (see Figures 

11 and 12). 


in addition to the sensitivities developed with respect to changes In engine 
characteristics. DOC sensitivity to variations In fuel cost and alrcra t u - 
Izatlon rate Is shown In Figure 49 for the nonconcentrlc engine powered tilt- 
rotor. These data Indicate significant reductions In DOC for the lncre ^ d 
utilization rate (1000 to 2000 hr/year) and a much larger Influence on DOC for 
increased fuel cost at the higher utilization level. 
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sea LEVEL STATIC, 
STANDARD DAY 


VBESQSS 




580 

OVERALL 

1000 

0.352 

0.327 

2600 

SHP 

2800 

32.6 

SFC 

RITCF) 

30 


Ro/A 


3.7 

LP COMPRESSOR 

3.5 

7.0 

7.4 

0.861 

w Ve/6 
Rc 

0.870 

0.7 

RAD 

HP COMPRESSOR 

0.7 

4.7 

4.8 

0.802 

wVe/6 

Rc 

0.802 


RAD 

HP TURBINE 

0.3 

2.4 

0.3 

2.4 

0.89 

wVe/6 

0.890 

Rc 



RAD 





0.7 

L p turbine 

0.7 

2.0 

2.0 

0.903 

wVe/6 

0.903 


Re 



RAD 


1.3 

POWER TURBINE 

1.3 

5.5 

6.5 

0.904 

wVe/8 

Re 

0.907 


RAD 


5.3% 

xtsiawasw*^ 

5.3% 

15.9% 

16.8% 



mMHt 
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VI. TASK IV. SMALL ENGINE COMPONENT TECHNOLOGY PLAN 

The mein objective of Task IV was to Identify the technology requirements and 
provide a technology plan for year 2000 advanced small engine components. This 
section describes a technology plan for the selected advanced non-concentrlc 
engine, as shown In Figure 47. This engine achieves significantly reduced 
specific fuel consumption (SFC) levels by combining high cycle pressure ratio 
and high turbine Inlet temperature In a three-spool configuration. The engine 
configuration offers advantages with regard to aerodynamtcs . flow -path 

dimensions, bore stresses, a simple accessory arrangement, and reduced seal 
and bearing diameters. 

Based on the Task III trade-off study, a list of the key technology require- 
ments for the nonconcentrlc engine Is given In Table XXIX, along with Its 
direct operating cost (DOC) payoff. The nonmetalllc structure results In a 
7. OX reduction In DOC because It allows the turbine to operate at 1538°C 
(2800-F) rotor Inlet temperature CRIT). A 2.5X Improvement In DOC occurs due 
to the use of the uncooled turbine. Advanced aerodynamics' required for year 
2000 In order of priority are turbine, compressor, and combustor. Bearings 
technology Is required for Increased reliability and durability. Technology 
plans for each of these areas will be described In this section. 


TABLE XXIX. 


CERAMICS 

TURBINE 

COMPRESSOR 

COMBUSTOR 

BEARINGS 


REQUIREMENT 

2800°F 

UNCOOLEO TURBINES 

YEAR 2000 EFFICIENCY 

YEAR 2000 EFFICIENCY 

IMPROVE PATTERN FACTOR FROM 0.2 TO 0.12 

INCREASED RELIABILITY 
INCREASED DURABILITY 


DOC PAYOFF 

7.0% 

2.5% 

2 . 8 % 

2.3% 

1.5% 
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CERAMICS TECHNOLOGY PLAN 


Significant Improvements In the performance characteristics of advanced gas 
turbine engines are directly related to the development of high temperature 
materials and components. Current N1 based superalloys used In rotating and 
static high temperature structures have limitations due to high fabrication 
cost, low strength at elevated temperatures, high strategic materials content 
(cobalt and chromium), and added complexity for required air cooling. Exten- 
sive work I'S 'being 'performed "on '■the 'development -of Advanced structural ceramics 
that offer numerous potential benefits (high temperature strength, low density, 
and no strategic materials content). While the potential advantages offered 
by the incorporation of ceramics in advanced gas turbine engines are attractive 
in a variety of components, including ceramic combustors, regenerators, 
plenums, vanes, and insulating members, the maximum benefits are realized in 
the high pressure (HP) radial turbine rotor. The use of advanced ceramic 
materials in the HP radial turbine rotor application offer significant improve- 
ments in performance and fuel consumption by allowing uncooled operation at 
turbine inlet temperatures of 2800 # F and anticipated life capability in excess 
of 1000 hrs. However, this also is the highest risk component due to the 
severe mechanical and thermal operating environment. While considerable pro- 
gress has been achieved on the use of structural ceramic components in gas 
turbine engines, a significant effort is required for successful application 
of ceramics to the HP rotor in the SECT engine. The objectives of the proposed 
program include definition and evolution of ceramic material systems and rotor 
fabrication techniques capable of high speed operation at temperatures of 
2800° F, which demonstrate improved toughness/impact resistance, reduced prop- 
erty variability, increased reliability, and life capability in excess of 1000 
hrs. The approaches required to achieve these objectives include material and 
component evolution/characterization, ceramic/ceramic and ceramic/metal inter- 
face and compatibility definition, nondestructive flaw detection techniques 
development, and component rlg/englne environment testing and evaluation. The . 
ceramic technology programs are shown in Figure 50. 

Material Development and Characterization 

The primary candidate monolithic ceramic materials for use in advanced heat 
engines are silicon carbide (SiC), silicon nitrade (Si 3 N 4 ) , and partially 
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stabilized zlrconia (PSZ). The fracture strength of these materials as a func- 
tion of temperature is shown In Figure 51. While the PSZ and SI^N^ 
materials have higher room temperature strengths .than SIC, PSZ and SI3N4 
suffer degradations in strength and susceptibility to oxidation at temperatures 
above 1000-1200*C. The SIC retains Its room temperature properties to approxi- 
mately ISOO’C. 

A number of ceramic suppliers are actively pursuing the development of sintered 
S1 3 N 4 , which features improved elevated temperature strength characteris- 
tics. Kyocera has a developmental Si^N^ material (SN-270), currently 
available only in test bar form, that maintains a strength of 100 lb/in. ^ 

(ksi) at a temperature of 1400 # C. SIC and SI^N^ are considered prime 
monolithic ceramic material candidates for application in the severe operating 
environment (2800*F uncooled) of the HP rotor In the SECT engine. Allison has 
had extensive experience and successful test results with both SIC and 
Si^N^ complex geometry components produced by a variety of fabrication 
techniques (Injection molding, slip-casting, and Isostatic pressing) for the 
CATE and advanced gas turbine (AGT) 100 programs. 

However, current monolithic ceramics have a major limitation-inherent brittle- 
ness that can lead to catastrophic failure. This limitation Is a major concern 
for high speed rotating components, particularly for application to manrated 
advanced gas turbine engines. 

To address the material limitations of both metallic superalloys and monolithic 
ceramics, a variety of composite materials systems are being evaluated. These 
materials (e.g., carbon/carbon, SIC/SIC, and SlC/glass-ceramlc) have demon- 
strated Improvements In fracture strength, thermal shock resistance, fracture 
roughness, and strain tolerance. Carbon/carbon materials, while attractive 
for extremely high temperature applications, are limited by a lack of oxidation 
resistance and are totally dependent on advanced protective coatings. Since 
these coatings consist of a thick monolithic ceramic (e.g., SIC), this material 
system as applied to many component structures suffers the same short-comings 
as silicon-based monolithic ceramics. The most attractive composite materials 
are ceramic/ceramic systems that use silicon carbide as a reinforcing fiber. 
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During the last decade, an extensive ceramic composite materials development 
effort has been conducted using high-modules SiC Nicalon continuous fiber in 
low modulus glass or glass-ceramic matrices. The first generation of these 
materials was developed using borosilicate glass matrix. Subsequently, a 
family of more refractory composite materials was developed based on Corning 
lithium-aluminosilicate (LAS) glass-ceramic matrix. Both United Technology 
Research Center (UTRC) and Corning Glass Works (CGW) have been actively de- 
veloping SiC fiber reinforced/LAS composite systems. However, refractory 
glass-ceramic composites experience rapid Increases in the matrix viscosity at 
temperatures in excess of 1250*C, resulting in the fiber/matrix debonding and 
loss of component structural integrity. This temperature limitation of current 
SIC/glass-ceramic materials restricts the maximum component temperature to ap- 
proximately 1 200-1 300®C, precluding the application of this material to the 
extreme thermal conditions that are required of the SECT HP turbine rotor. 

Si C/Si C composites are commercially available from Amercom In the USA and SEP 
(Societe Europeenne de Propulsion) in France. Amercom is In a preliminary 
stage of development of these composites while SEP is currently marketing both 
one-dimensional and multidimensional composites. This material uses Nicalon 
SIC fiber reinforced in SiC matrix. The fibers are coated with up to four 
layers of chemical vapor deposition (CVD) SIC coating. The material is 
toughened by. developing a weak Interfacial bond between the SiC fiber and the 
first SVD SiC layer. The room temperature strength of the 0/0 orientation SEP 
CERASEP SiC/SiC material Is about 62,000 lb/1n. 2 , which. decreased to 35,000 
lb/1 n. 2 at temperatures of 1.250-1500 # C. This behavior is consistent with 
the expected behavior of Nicalon fiber, whose properties are thought to degrade 
approximately 1250*C. Unlike SIC/borl urn magnesium aluminosilicate (BMAS) cer- 
amic composite where the matrix viscosity Increases rapidly over 1250*C, SIC/ 
SIC composites appear to retain reasonable strength levels up to 1500*C. The 
room temperature strength of 0/0 orientation after 100 hrs of Isothermal expo- 
sure In air at 1500*C was 33,000 lb/in. 2 . 

The Nicalon SIC fibers are thought to consist of microcrystalline beta silicon 
carbide, graphite, and amorphous silica, but they may also have homogeneous 
structure. Upon .heating above 1250 # C, the fibers lose carbon monoxide and un- 
dergo coarsening of the silicon carbide grains. This quickly leads to brittle- 
ness and loss of strength. 
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To address this temperature limitation. Defense Advanced Research Projects 
Agency (DARPA) Is conducting the advanced ceramics based on polymer processing 
program at Dow Corning. The goal of this program is the development of an 
economical. Improved SIC fiber from a domestic supplier with higher strengths, 
fewer Impurities, and a higher temperature capability than current fibers. 

While these fibers are currently under development and not commercially avail- 
able, it is anticipated that future ceramic/ceramic composites will feature 
significant Improvements In strength, toughness, and maximum use temperature. 

A complete characterization of the mechanical, physical, and chemical proper- 
ties of candidate ceramic materials Is required to obtain structurally sound 
ceramic turbine components. This program consists of five subtasks: 

o generation of material properties. Including thermal expansion, thermal 
conductivity, specific heat, elastic modulus, Poisson's ratio, and strength 
characteristics, required to employ a linear elastic probabilistic approach 
to structural design. ^ 

o generation of time dependent properties. Including thermal fatigue, creep, 
and crack propagation characteristics, with emphasis on the probabilistic 
nature of these properties. 

o evaluation of environmental effects. Including oxidation, hot corrosion, 
and erosion, that could cause property degradation of candidate materials 
during, long-term use. 

o development of the relationship between material structure and mechanical 
properties with special emphasis on establishing the size, type, and dis- 
tribution of strength limiting defects, 
o development of a high resolution Inspection technique to detect critical 
■ size defects In candidate ceramic materials. 

Ceramic/Ceramic and Ceramic/Metal Interactions and Compatibility 

A critical element required for the successful application of ceramics and 
ceramic composites Is an understanding of the compatibility of ceramic/ceramic 
and ceramic/metal Interfaces and the possible Interatlons between these 
materials. While little published literature exists on this phenomenon per- 
taining strictly to ceramic composites, this class of materials will exhibit 
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much of the same behavior and problem areas associated with monolithic struc- 
tural ceramics. The high temperature operation of the ceramic components re- 
quired to use full material capability can result In wear, adhesion, and In- 
teractions with adjacent structures, both metallic and nonmetalllc. Garrett 
In the Ceramic Gas Turbine Engine Program used both compliant layers CHS-25) 
and lubricants (CoO) to minimize contact loading and reactions between re- 
action-bonded silicon nitride and other materials. Allison has successfully 
used both compliant layers (L605) and high temperature lubricants (boron 
•nitride) In the 'CATEprogram for 'the attachment -between the SiCturblne blade 
and the turbine wheel. The L605-BN combination demonstrated uniform loading 
and prevented reactions during spin testing to 2500 cycles. The high tempera- 
ture of the ceramic may also create problems for secondary metal components. 

The temperature of the ceramic often exceeds the temperature capability of the 
metal, and the close proximity of the hot ceramic can cause unacceptable ther- 
mal gradients. Thermal barrier materials will be used at strategic locations, 
both for ceramic/ceramic and ceramic/metal Interfaces. Candidate thermal bar- 
rier materials need to have low thermal conductivity, adequate strength, com- 
patible thermal expansion, and the capability of being produced In proper sizes 
and shapes. Thermal barrier materials currently being developed and used are 
zlrconla, zircon, mulllte, and cordlerlte. 

* 

One of the configurations that will be considered for the HP turbine rotor 
involves the use of a monolithic ceramic hub section for strength and fabri- 
cablllty and a ceramic composite blade section for Increased fracture tough- 
ness and Impact resistance. Considerable .effort Isrequlred to Identify and 
characterize the optimum joining technique for attaching the monolithic hub to 
the composite blade structure. Various methods suitable for this attachment 
Include brazing, high temperature glass bending, diffusion bonding, and hot 
isostatic pressing. Evaluation of the attachment joint would Include specimen 
testing, subcomponent element testing, and characterization and spin testing 
of the full scale hardware. 

Nondestructive Evaluation 


Since ceramic materials are highly probabilistic In nature, design stresses 
are very sensitive to material property variability. An extensive quality 
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assurance program Is therefore essential to the successful use of ceramic 
material In gas turbine engines. This program has two primary objectives: 

o reduction of property variability 

o early rejection of defective components 

There are two distinct types of mlcrostructural defects that control ceramic 
component performance In high reliability applications. The first type of de- 
fect is small In degree i>ut very large in extent, 1 /e. variations in chemistry, 
grain size, and density. Such defects significantly affect both thermal and 
elastic properties as well as strength-related characteristics. The second 
type of defect Is large In degree but very small In extent l.e., cracks, pores, 
and Inclusions In the size range below 100 microns. Such defects primarily 
control material strength. In view of (1) the limitations associated with 
available quality assurance measures and (2) the high levels of reliability 
required In a commercial 1000 hr gas turbine engine. It Is clear that more 
sensitive nondestructive evaluation (NDE) techniques are-required. 

Normal nondestructive techniques can be used to find gross cracks, voids, and 
inclusions. The techniques used are well known and require little adaptation 
for use with ceramic materials. However, the resolution -limits of these tech- 
niques are above the critical flaw size (10-100 microns) for ceramic materials. 
Therefore, Inspection techniques with Increased resolution are required. The 
following NDE techniques will be investigated: ultrasonic velocity, reflective 

ultrasound, scanning photoacoustic microscopy, and X-ray microradiography. 

Rig/Engine Environment Testing 

For the successful application of ceramic components In advanced gas turbine 
engines, particularly In the severe operating conditions of the SECT HP turbine 
rotor, testing must be conducted on components that represent a production 
manufacturing process and a corresponding design for which analysis predicts an 
acceptable reliability level. However, defects as small as 20 microns can con- 
trol the material critical strength. No existing NDE technique can reliably 
detect such flaws. Therefore, proof testing Is required to identify flawed 
components and to qualify rotors for subsequent engine testing until advanced 
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methods are available. For the SECT HP rotor, the following rig qualification 
tests will be conducted: 

O spin testing at room and elevated temperature 
0 cold flow rig testing 
o hot flow rig testing 
o vibration bench testing 
o thermal shock testing (fluidized bed) 

Engine testing and evaluation will be 

acterlze performance, fuel consumpt on, “"' p methodology. An engine 

characteristics, and verification of design “ t mperat.re will be 

test program with Incrementally Increasing " h , gy and t0 ad- 

conducted to capitalize on current ceram c ma 's t J 

vance the state of the art with ceraml c m on . - ^ and 

early Introduction of ceramic componen si to the b. ae U ' ^ ^ 

an improved gas turbine engine capability In the latte 


axial turbine technology plan 


1 lent flow rates of the small axial flow turbines. Indentlfled 
The Inlet equivalent flow rates o . lhm / sec . Axial flow tur- 

from the SECT trade studies, ranged from • . , wh en compared 

bines of this physical size exhlb e S ra , 1 ^ ^ which 

to their larger counterparts. This overall turb , ne effici- 

shows a simple correlation of c “"* n ^ rate Ttlts per f 0r mance trend can be 

encles In terms ° f affect a true aero/mechanical scale In these 

finales* This trend IS due In 

— itaap - - ■*«— - . 

fields In these small blade rows. 

r ::: 
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flow rate (physical size) was reduced. The SECT program aero goal reflects a 
3.3X Increase In efficiency for the power turbine as compared to current state- 
of-the-art technology. The achievement of the SECT turbine efficiency goal 
will be realized through a variety of technology advancements. A major portion 
will be achieved through significant advancements In the area of turbine aero- 
dynamics. Other performance Improvements will be derived from technology areas 
such as computational fluid mechanics, material science, casting technology, 
ceramics, and Innovative mechanical design concepts. 

A brief aerodynamic description of the two stage axial flow power turbine for 

nonconcentrlc engine configuration, discussion of the various technology areas 

that will contribute toward the achievement of the SECT year 2000 turbine 

efficiency goals, and a description of the various turbine aero key technology 

programs are presented In the following sections. 

< 

Power Turbine Description 

The power turbine for the selected SECT engine Is a two stage axial flow de- 
sign. The aerodynamic design point for the power turbine Is tabulated below: 

o Inlet equivalent flow rate, W/0 cr e/6 
o total /total expansion ratio, R gTT 
o overall, equivalent work, Ah/e cr 
o rotational speed, N 
o total /total efficiency. n JT 

I 

The power turbine has an average stage load coefficient (gJAh/1^2) of 1.62 
and an average flow coefficient (W of 0.44. at aero design point 
conditions. At this same match point, the power turbine has an exit Mach num 
ber of 0.42 and 19 degrees of exit swirl (measured from. axial) In a direction 
opposite to rotation. The last blade has an exit AN 2 (annulus area x rota- 
tional speed squared) value of 5.6 x 10^ In. 2 rpm 2 and hub/tip diameter 
ratio of 0.66. The power split ratio between the power turbine first and 

second stage Is 51/49. 


1.31 Ibm/sec 
5.5 

45.6 Btu/lbm 
44550 rpm 
*90.7% 
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Technology Areas 


The efficiency levels demonstrated for large axial flow turbines cannot be 
maintained for the small size turbines Identified In the SECT program. This 
is due to the Inability to maintain aerodynamic similarity In such parameters 
as Inlet turbulence level, endwall boundary layer thicknesses, and Reynolds 
number. Fabrication constraints and manufacturing tolerances prohibit the 
scaling of physical parameters such as airfoil thickness/chord ratio, trailing 
-edge-thlokness, fillet radii ,~bl*de tip -clearances, -and surface roughness. As 
a consequence, small axial flow turbine blading generally has higher trailing 
edge blockages, lower aspect ratios, higher maximum thickness/chord ratios, 
and higher rip clearance/blade height ratios than larger counterparts. 

In order to Identify the areas of technology that will provide the higher pay- 
offs, an assessment of the various sources of loss was analytically determined 
for the baseline SECT power turbine assuming current state-of-the-art design 
technology. This study was conducted using the performance model of Kacker 
and Okapuu. A breakdown of the turbine losses Is Illustrated in Figure 53. 

The predominate source of aerodynamic Inefficiency arises from secondary flow 
losses (45%) , followed by profile losses (25%) and shrouded blade tip clearance 
(22%) losses. The magnitude of the various losses -In terms of a total pressure 
loss coefficient («) Is shown In Figure 54. The cross-hatched area denotes 
the goal reduction In the various loss mechanisms to be achieved by the SECT 
key technology programs. The attainment of these loss reductions will enable 
the small axial flow power turbine to meet the SECT goal efficiency. 

Approach/Technology Plan 

The proposed technology programs for the axial turbine are shown in Figure 55. 
This series of programs Includes both experimental and analytical efforts. 

These programs systematically address aero design concepts that offer high 
potential for the reduction of secondary, profile, and tip clearance losses. 

In addition, certain tasks will provide data for the critical verification of 
3-D viscous flow analysis tools. A discussion of each program follows. 
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Vana Ti p Endwall Mechanical Sculpturing 


Stator end-,11 contour geometries « « 

terHne --rr:; 1 St* :or tip contours of description are 
stator secondary tlox losses - ex „ e r1mental program Is designed to 

r;— « «— » «- - d,rect,on 

that are not surfaces of revolution. 

The approach Involves five basic phases Including the following. 

1. analytical 

2. design and fabrication 

3 . stator annular cascade test 

4. full stage test 

5. data reduction and analysis 

During the analytical phase, a currently 

revised to handle the passage floe ana: ys , „ t0 evaluate candidate 

not surfaces of revolution^ ^ ’l-IlHonU -11. he Incorporated 
contour configurations. turb ,„e rig. . 

In the stator assembly of an exist my 

The initial test phase W ’ ^ ’ ^^"-111° cons 1 0^17 rad 1 1 1 / c 1 r c umfor e n 1 1 a 1 

a full annular cascade. The tes p . 0 n completion of the 

(r.e) surveys over abroad I range of expans or » ^ • • m , stage perform- 

cascade test, the rotor assembly -111 he nsta ^ 

ance mapping -111 he conducted. In add t,0 "i The ^ reductlon a „ d 

:’h‘at are' surface^of^ revolution*!* Z Analysis procedure -1.1 Involve compar- 
ing stator exit loss contours and overall stage performance maps. 
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Endwall Boundary Layer Control 


Efficiency improvement is expected to result from stator endwall boundary layer 
control. The work of Stewart and Wong (reported in NASA RME55E11 entitled 
"Removal of Secondary-Flow Accommodations In a Two-Dimensional Turbine Nozzle 
Passage by Boundary Layer Bleed") shows that the removal of endwall secondary 
flow produces an extremely clean flow field into the downstream rotor. This 
will have a favorable impact on the vane blade Interatlon losses and allow the 
rotor to operate more efficiently. 

This experimental program is designed to determine the aero losses associated 
with the vane secondary flows by altering the character of the end-wall bound- 
ary layer using bleed and blowing at selected locations. The approach to be 
used in this program consists of five basic phases. Including: 

1. 2-D cascade evaluation of candidate endwall boundary layer bleed and blow 
concepts 

2. full annular cascade tests of boundary layer control geometries selected 
from Phase 1 

3. single stage turbine test to assess benefits of stator endwall bleed 

4. two stage turbine test to measure performance Improvement using first 
stage vane bleed in combination with second vane blowing 

. 5. data reduction and analysis 

In each of the test phases, a complete aerodynamic evaluation will be performed 
including the development of loss contour maps and turbine performance maps, 
wherever appropriate. The two stage turbine rig test will use the first vane 
low momentum endwall bleed as a source of air to energize the second vane end- 
wall boundary layer. This unique concept will provide a more uniform flow 
field Into both rotors. 

Optimized 3-D Blading 

The availability of the 3-D viscous airfoil passage flow analysis will provide 
the turbine aero designer with the ability to analytically assess the benefits 
of nonconventional blading exhibiting extensive 3-D passage geometries. 
Furthermore, this analysis model will lead to the optimum definition of the 
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radial distributions of such aero parameters of stage work, reaction, and turn- 
ing distribution. This approach Is contrasted with the current turbine design 
methodology where the velocity diagrams are first generated and then airfoil 
contours are designed to provide the defined vane/blade exit flow field. 

This experimental program is structured to demonstrate the efficiency improve- 
ment that will be provided using a 3-D viscous flow analysis to define the com- 
plete vane and blade passage geometry for a small turbine rig. The approach Is 
to employ an existing small turbine rig that was designed using conventional 
2-D design analysis tools as a baseline. The turbine rig will be redesigned 
using 3-D viscous analysis tools to define the optimum vane and blade passage 
(radial distribution of airfoil throats and 3-D stacking). The redesigned tur- 
bine will maintain the baseline turbine overall stage work and reaction. This 
turbine will be fabricated and tested and Its performance compared to the base- 
line design. 

The major thrust of this program Is to demonstrate the performance that will 
be provided by the availability of an advanced 3-D viscous flow analysis model. 
The Improved understanding of the viscous flow losses'ln a small axial flow 
turbine will be paramount to the achievement of SECT performance goals. 

3-D Viscous Flow Model Verification Tests 

Bench mark experimental data will be required for the verification and upgrad- 
ing of the subsonic and transonic 3-D viscous flow analysis. This effort Is 
an extension of the work conducted at NASA Lewis by Seaholtz and Goldman, which 
employed a constant section annular stator assembly with constant diameter hub 
and tip endwalls. The program approach Involves the design and fabrication of 
a stator annular cascade that establishes a strong 3-D flow field (nonconstant 
section airfoil, 3-D stack, and tip endwall contouring). The test procedure 
will Involve detailed static pressure mapping along the vane and endwall sur- 
faces. Vane-to-vane flow field velocity measurements will be conducted at near 
hub, mean, and tip spanwlse locations for a series of selected chordal posi- 
tions. This program will provide a valuable experimental data base for the 
critical verification of the airfoil passage 3-D, viscous flow analysis model. 
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Surface Finish/Reynolds Number Effects 


ORIGINAL PAGE IS 

OF POOR QUALITY 


This effort is structured to experimentally evaluate the effects of rotor blade 
surface finish and Reynolds number on the small axial flow turbine stage ef- 
ficiency. This program complements, and Is a logical extension of, the work 
conducted by Avco Lycoming (ref 17). It is anticipated that the results re- 
ported for the stator will be altered due to the different character of the 
boundary layer in this airfoil row. The test program will employ an existing 
small axial turbine rig to assess the effects of rotor surface finish over a 
broad range of inlet Reynolds numbers and overall expansion ratios. The pro- 
posed test plan will evaluate a total of three surface finishes. Performance 
mapping will be generated for each of four inlet Reynolds numbers. These re- 
sults will provide a valuable insight relative to the effects of surface finish 
on the reduction of small rotor blade profile loss and how it is altered by 
Reynolds number. 

Optimized Vane and Blade Aero Loading Distributions 

f 

* 

This program involves the analytical assessment of the Impact of inlet turbu- 
lence level and Reynolds number on the optimum vane and blade surface velocity 
distributions. This task Is an analytical extension of the work conducted ex- 
perimentally under the NASA funded E 3 effort (ref 18). The turbine airfoil 
optimization program combines the following design modules with an 
optimization algorithm: 

o airfoil section generator 
o 2-D invlscld blade-to-blade code 
o airfoil surface boundary layer analysis 
o airfoil profile loss model 

In general, the optimization procedure minimizes (maximizes) an objective pay- 
off function to a number of constraints. These constraints are formulated so 
that the airfoil maintains the velocity triangles and meets certain design 
criteria. The relevent criteria employed in this investigation will be the 
minimization of the airfoil fully mixed profile loss coefficient. The airfoil 
optimization model will be exercised over a broad range of inlet Reynolds num- 
bers and turbulence levels characteristic of those encountered in small axial 
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flow turbine stages. It is anticipated these variables will have a significant 
impact on the airfoil optimum aerodynamic loading distribution and will comple- 
ment the work conducted under NASA E 3 (ref 18), which addressed higher Rey- 
nolds numbers and lower Inlet turbulence levels. 

TUrbine Rig Technology 

This program will verify the SECT efficiency goals for the two stage power tur- 
bine to be Incorporated in the selected nonconcentric engine. The technolo- 
gies, derived from the above key technology programs, will be employed in the 
aero design of this advanced small axial flow turbine. The turbine will be 
tested in an engine environment and will feature the use of a continuous, free 
floating ceramic blade shroud, and ceramic vanes and blades. 


Summar 


The achievement of the SECT axial turbine efficiency goals will be realized 
through a variety of technology advancements. A major portion of this effici- 
ency gain will be achieved through Improved aerodynamics, as provided by key 
technology programs, along with the advanced analytical techniques. Advance- 
ments in other areas, such as material science, casting technology, and 
ceramics, in conjunction with Innovative mechanical design concepts, will con- 

4 

tribute toward meeting year 2000 efficiency goals. 


RADIAL TURBINE TECHNOLOGY PLAN 

The low flow capacity requirements of a small high pressure ratio engine with 
acceptable speed requirements and corresponding stress levels lead to the se- 
lection of radial inflow turbines. The radial turbine's high work per stage 
capability and reduced sensitivity to clearance effects, relative to a com- 
parable designed axial stage gives this configuration the potential for, 
superior efficiency characteristics. In terms of aerodynamic considerations, 
reduced passage widths (small blade heights) are a strong driver for the 
selection of a radial turbine. 

Current technology in radial turbine design yields adiabatic efficiency levels 
shown in Figure 56. Goals set for technology programs are shown for both the 


low and high pressure turbines and reflect an efficiency Improvement of 3. OX 
over current technology. 

The results of a loss breakdown study for the design point of the high pres- 
sure radial turbine Is shown In Figure 57. The aerodynamic losses within the 
stages may be broken down Into six categories: vaneless space friction (wall 

between vane and rotor), rotor Incidence, windage (on hub), rotor clearance, 
rotor, and vane. Rotor and vane losses comprise the two greatest losses and 
are due to two major phenomenon: profile loss (or friction drag) and secondary 

losses (due to secondary flows In passages). Rotor clearance losses are tar- 
geted for a 0.3X point reduction by the advancements In clearance reduction 
resulting from use of ceramics and Improved design concepts. 

Approach/Technology Plan 

The technology plan designed to achieve these efficiency goals is outlined in 
Figure 58 and targets both aspects of the vane and rotor loss mechanisms. For 
the purpose of technology advancement in the area of vane design, four design 
parameters have been selected for assessment of their loss reducing potential. 
Two parameters address profile losses and two parameters address secondary 
losses. Within the rotor, flow loss contributors are less easily delineated. 

In this case, each of three programs will assess the loss reduction potential 
of improved analysis tools and selected design changes. Verification of this 
Improved design concept will be accomplished In a ceramic rotor and vane rig 
test. The technology programs are discussed In the following sections. 

Vane Loss 


The vane loss reduction programs have been structured as follows. Ah experi- 
mental program will examine the effects of vane aspect ratio (passage width/ 
vane chord) and corner fillet radii on vane row loss levels. A set of rig 
adapted hardware will be designed and fabricated to test at three passage 
widths and three fillet radii separately and simultaneously. Use of available 
rig hardware Is the preferred approach. The potential for Improved efficiency 
Is 0.6 percentage points. Design philosophy based on ceramic technology will 
be used in establishing feasibility of the range of radii and widths to be ex- 
amined. 


6-16 


The second vane loss reduction program uses hardware of the first P r09 ^“ 
additional components added to modulate inlet turbulence leve s n a i 
vane surface finish will be varied to determine proper design trad off rela 
tionships between losses and vane design. Three surface finish values an 
three turbulence levels will be examined. Potential loss reduction is antic- 

pated to be 0.4 percentage points. 

Rotor Loss 

The rotor loss reduction program uses two analytical studies, each backed by 
experimental verification. Flow path contouring and 3-D flow analysl com se 

the two areas of emphasis. The flow path contouring or rotor hub sculp tu ring 
study is aimed at analytically defining a hub contour that Improves pred c 
rotor aerodynamic performance with a simultaneous improvement in rotor lif . 
Quasl-3-D flow predictions will be made on three hub contures show ng promise 
in tailoring blade velocity profiles to exhibit low loss ^rac er s c^ 

Rotor life predictions -ill be made for each design as well. Based on these 
results, a fourth design will be assembled and similar-predictions made, 
potential loss reduction is anticipated to be 0.9 percentage points. 

The second program will experimentally evaluate the aerodynamlc performance of 
the final design as determined in the previous program.- This program, as we 
a! the devious program, will be targeted to use the NASA Lew, s -earc enter 
<URC> radial turbine rig under development. A pressure Instrumented test 
rotor will be fabricated. Test data will be analyzed and compared to pred, ted 
values, information derived will be available to formulate advanced rotor de- 

sign methodology. 

The third rotor loss reduction program applies an advanced 3-D viscous flow ■ 
analysis tool to a radial turbine rotor. The 3-D method is currently being 
developed in-house. Verification of predictions made using this tool will be 
greatly facilitated by using the data from the high temperature ^ 1.1 turbine 
program funded by NASA LeRC Contract NAS3-24230. Aero rig ™ *h , - 

y instrumented but uncooled rotor fabricated in this program w„, b do 
verify predictions. Performance benefits derivable by the subsequent use of 
this code as a design tool are estimated at 0.8 percentage points. 


6-17 


Ceramic Turbine Program 


Completion of the radial turbine technology programs will result in the ability 
to design an advanced turbine using the resulting data bases and analytical 
tools and will realize the goal efficiencies as identified In the effort re- 
ported herein. The ceramic turbine verification program will Include the de- 
sign, fabrication, and hot rig test in an existing test rig. The rig is antic- 
ipated to be one presently used in the ongoing AGT 100 program. 

COMPRESSOR TECHNOLOGY PLAN 

The Inherent problem in small engine compressors Is performance. The inability 
of this class of small compressors to demonstrate the loading and efficiency 
levels of larger compressors can be directly attributed to the nonscalability 
of physical size and the relative lack of sophistication In analytical tech- 
niques to identify and quantify associated losses. However, the Introduction 
of advanced design concepts, Improved computational analysis, and modern 
materials/processes in the design and fabrication of small compressors is a 
key to bridging this performance gap. 

* 

An overview of the trends in compressor technology portraying Allison Gas Tur- 
bine state-of-the-art technology is shown in Figure 59, where polytropic ef- 
ficiency is plotted against corrected exit flow. Since mass flow rate and 
pressure ratio determine the physical size of the rear compressor section, exit 
flow is a logical parameter to represent size. 

Figure 59 comprises a sampling of axial, centrifugal, axial-centrifugal and 
dual centrifugal compression systems. The larger axial compressors have demon- 
strated polytropic efficiencies 1.5-15% higher than advanced axial-centrifugals 
and 2-3% higher than centrifugal compressors. This can be attributed to the 
larger flow size and considerable experience and research Investment in axial 
compressors. Axial compressors have been limited to larger flow size applica- 
tions (above 1 lbm/sec exit flow versus 0. 1-0.3 lbm/sec for centrifugals) to 
avoid severe efficiency penalties associated with small exit blade heights. 

A recent analytical study was conducted to investigate the areas of concern 
and to determine the projections for efficiency potential in both large and 
small compressors for the year 2000. The results are presented in Figure 60. 
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The improvements (aerodynamic and mechanical) for small and large compressors 
are approximately 4.51 and 21 respectively. The results of this study are 
further presented in Figure 59 where the year 2000 technology assessment is 
compared to current state-of-the-art technology. The scope of the SECT com- 
pressor program is to demonstrate an increase in polytropic efficiency of 
4-4.51 from current levels in small engine compressors. The SECT goals will 
be achieved by Identifying high payoff technologies for year 2000 small gas 
turbine engine applications and by providing the appropriate technology plan. 

SECT Compressor Design 

For the current SECT study, based on mission studies for the representative 
tilt-rotor application, the aerodynamic design point for the compressor is 

given below: 


corrected airflow lbm/sec 

3.487 

pressure ratio, Rc t _ t ; 

30:1 

adiabatic efficiency, n tt X 

78.7 

polytropic efficiency, n p 

86.3 

exit Mach number 

0.30 


To meet these goals-very high pressure ratio at a relatively low airflow rate 
and high efficiency levels— a four stage axial coupled to a single stage cen- 
trifugal was selected as the best configuration. The axial /centrifugal com- 
pressor takes advantage of the higher efficiency potential in the axial and 
alleviates the penalties due to reduced aft stage blade heights by employing a 
centrifugal compressor. Table XXX summarizes some of the salient aerodynamic 
and geometric design features for the axial compressor. These features are 
compared to two advanced axial compressors designed and experimentally tested 
within the last three years. The SECT compressor is designed to produce a 
pressure ratio of 7:1 and an efficiency of 85..1X, with adequate surge margin 
at design and slow speeds. The goal of this design is to evaluate loading 
levels (diffusion factor) and inlet tip speeds that are reflective of bigger 
flow size compressors, while reducing the losses normally associated with 
lower airflow rates and blade heights. This will be achieved with low aspect 
ratio blading technology for added loading/efficiency capability, improved 
analytical techniques, and advanced design concepts. 
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TABLE XXX. 

SECT-COMP RESSOR TECHNOLOGY 
CURRENT DEMONSTRATED AXIAL COMPRESSOR TECHNOLOGY. 


CURRENT TECHNOLOGY 


CORRECTED AIR FLOW 

PRESSURE RATIO 
PRESSURE RATIO STAGE 
NO. STAGES 
t,T-T 
ti POLY 

AVERAGE DIFFUSION FACTOR 
COMP EXIT M n 
INLET TIP SPEED— FT/SEC 
EXIT ROTOR HEIGHT— IN. 
AVERAGE ASPECT RATIO 


LARGE 

SMALL 

DESIGN GOAL 

26.24 

3.91 

3.487 

4.57 

1.424 

0.682 

8.05 

3.35 

7.00 



1.627 + (15-20%) 

6.0 

4.0 

4.0 

84.4 

84.6 

85.1 

88.2 

87.0 

88.5 



0.440 



0.450 

1410.0 

1180.0 

1436.0 

0.875 

0.552 

0.270 

1.228 

1.027 

0.750 


The aerodynamic and geometric design features of the SECT centrifugal compres- 
sor are presented in Table XXXI. These features are compared to two experi- 
mentally verified centrifugal compressors, large current technology, and small 
(AGT) compressors. The SECT centrifugal is designed to produce a pressure ra- 
tio of 4.7 at 82.1% efficiency. The pressure ratio split between the axial and 
centrifugal compressors, dictated by axial loading levels, and impeller tip 
speeds and stress levels has indicated that for optimizing the specific speed 
(for increased exit blade height) and performance potential of the centrifugal 
compressor. Increased rotational speed was desired. However, the increased 
speed resulted in excessive bore stress levels for the high pressure turbine 
rotor at 2800°F RIT. Therefore, the desire for Increased speed and reduced 
turbine stress levels directed the SECT compressor to a nonconcentri c configu- 
ration. From Table XXXI, It can be observed that the SECT goals require a 1.5% 
Improvement in efficiency with a 24% reduction in exit blade height, 26% in- 
crease in tip speed and 70% Increase in discharge temperature (all deterrents 
to performance) relative to the AGT. Improved analytical methods and design 
concepts will be vital for improving the performance potential of small centri- 
fugal compressors. The following paragraphs examine the areas of technology 
required for small engine compressors for the year 2000. 
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TABLE XXXI. 

ecrT-rr>MPBFSS OR TECHNOLOGY 

CURRENT DEMONSTRATED CENTRIFUGA L COMPRESSOR TECHNOLOG Y. 



CURRENT 

TECHNOLOGY 

AGT 

DESIGN GOAL 

LBM INLET 

CORRECTED AIR FLOW SEC EX)T 

PRESSURE RATIO 
nT-T 

3.60 

1.096 

4.136 

85.6 

88.1 

0.774 

0.190 

5.477 

80.70 

84.70 

0.703 

0.183 

4.700 

82.10 

85.6 

t| POLY 


0.242 

0.300 

COMP EXIT M n 


80.0 

71.01 

SPECIFIC SPEED, N s 


0.450 

0.541 

INLET HT 


1800.0 

2260.0 

EXIT TIP SPEED— FT/SEC 


920.0 

1568 

CDT — °R 

n 406 

0.218 

0.165 

EXIT AXIAL BLADE HEIGHT 

U.“vU 

co n 

50.0 

47.5 

back curvature— DEG 

pu.u 



Technology Areas 

The major areas of concern contributing to small engine compressors not 
achieving the performance levels demonstrated by large flow compressors are 
physical size. Innadeguate analytical .Ml,, to Identify the ’os* 
mechanisms, and the lack of experience and experimental date Th 'sp 
due to earlier efforts In small compressors being directed Pr'-rl y d 
the development of economical and rugged units, without much consideration 
improving efficiency/loading potential. This discrepancy In performance can 
be further explained by the fol loving: for a reduction In alrfl overate the - 

speed should be Increased and all other physical parameters educed by h 
square root of the change In airflow rat. .to maintain aerodynamic similarity. 
However, because of manufacturing and structural limitations. It Is not pos- 
sible to scale certain physical parameters-thlckness. leading edge radius. 
<LER>. and clearance— appropriately. Small size compressors are designed with 
higher thickness/chord CT/C). leading edge radlus/chord (LER/c). and Ha h - 
her to T/C ratios. The Mach number levels In the compressor are maintained by 
scaling up the rotational speed. Clearance and tolerance levels to blade con- 
tour and surface roughness are not scalable and remain similar to levels of 
larger compressors. This combination results In Increased losses in th pas- 
sage and blade-row due to shock, profile, end-wall, boundary ayer and c ar 
ance. While It may be possible to reduce the losses due to the above 
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»ith Improved mechanical design and manufacturing techniques, small engine 

.eirrihl 7 ’"I: 6 ""* Pr ° b,el " ° f ' 0W ReJ ' n0 ' <IS number f,0 “ s - I"Pfove- 

Revnolds n h 7 Ca " 66 iCh,e '' ed by underst and1ng the phenomena of low 

tools f r r ° W 5 turb0 ' machincr > row and developing analytical 

Id ed , T “ Uh deSi9 " c °"« pts - concepts on 

sldered likely candidates are: 

o airfoil sweep and lean optimization to reduce shock losses 
o a rfol, contouring to design velocity/diffusion controlled blading to 
minimize shock losses and suction surface flow separation 
o cuing treatment-endwall treatment to energize boundary layer and enhance 
par speed flo./efflciency lapse rates for Improved stability 

0 7777ance7 f g“on r *° ^ M9h ’ y Sbeared f,P « at dif ‘ 

0 aTsti'^eeT*^ 8 “ d ’ ffUSer * r ’” Pr ° Ved eff1 C'' a "cy and stability 


Axial Co mpressor Technology Plan 

777!°: ° f *"! Var, ° US component test Programs, shown In Figure 61 fol- 
vestigate 777 C °" Ce1ved as a systei “«c "*«>od to experimentally 1 „. 

a7d777 h e 7l e 7 '’ ecessary f0r the •'*!“«« of a "k>yt1cal techniques 

- -e°77c7rr:, c7r:~ r:::; 1:777: . . 

for improving the performance of large compress^! 


Performance Evaluation of True ax ial Coropreaen, 


Since certain physical parameters limit the scaling down of a compressor to 
achieve aerodynamic similarly compressor to 

callv similar r ty ’ tM program Proposes to test two aerodynami- 

sor 7 7 PreSS0rS ^ photo S raph < rally scaling up a small size compres- 

ol, t o o7 " 3 daU fr ° m thb tW ° dP "v- a «r.ct 

elation of compressor performance versus Reynolds number changes. 
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rh tak ,„ w ,„ be to t«t an advanced small compressor with relatively 
The approach taken will to t0 a htgher flow size and 

Mgh loadings. This compressor^^ ^ compa rlson doe to Reynolds 

performance data obt * " . sets ot hardware. Further testing will 

number changes associated with t hardware at small-flow 

he conducted to evaluate the performa"ce ol ^ Advariced 

Reynolds number to give Reynol s num * t) )aser veloclmetry— will be used to 

experimental techniques and Ins rumen associated with low Reynolds 

fully evaluate the flow fields and quantify losses associated 

number compressors. 

for small axial g Reynolds number changes, 

of compressor performances as a result of Keyno 


rncraH» Testing Related 


Cascade tests have been directed * developing mum ? 

design ere .^'1,^^.- at increased tip speeds and Hach 

numbers^avl 5 necessitated the need for high thickness blading for high Hach 
number applications. 

a. fact will be conducted on the scaled up hardware of a 
The proposed cascade^ test ^ optlM blade design to minimize 

small compressor cascade . . Velocity controlled 

losses due to shock and associated b a e pro ffects „nl be investi- 

( controlled diffusionlblading and leading e ge boundary 

gated to control shock structure and reduce -hineff-ciencies a^ ^ 

r;r -rrsr 

— ~ 

... -i.. «... « - y *• » r, “,r 

, , « r f \ v p techniaues to dccount tor x 

af f ect 1 ng" th^ performance of high thickness/chord. LER/chord blading in a high 
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Hath number environment. This will set the basis for a viable design method 
for Improving compressor performance. 

Aerodynamics Concept Evaluation on Rotating Single Stage Axle Rjg, 


From previous experience, performance calculated from an Isolated blade row, 
as in a cascade, proved different when a similar blade row was in a rotating 
stage environment. It is essential that the validity of the findings from 
prior testing be obtained on a rotating stage where blade row interaction ef- 
fects can be Included. The objective of this program will be to investigate 
the effects of blade shape, surface roughness, and sweep effects on compressor 

performance . 

The approach taken would be to scale an existing small stage up in flow size 
and conduct experimental test on the large hardware to evaluate the Influence 
of intrastage reaction-due to nonuniform inlet pressure and temperature pro- 
files, wakes, and boundary layer blockage. The designs will Include the con- 
cepts contributing to Improved performance as determined from previous experi- 
mental cascade data. The resulting benefits from the large hardware will be 
verified on the small stage. 

This program will set a valid basis for selection o'f advanced design concepts 
blade, shapes, and surface roughness for small size compressor design. The data 
obtained from these tests will also establish the required guidelines in compu- 
tational techniques for the design of highly loaded small axial compressors o 
verify efficiency and pressure ratio capabilities reflective of larger flow 

size compressors. 

Multistage Axial Compressor Test Bed 

A multistage axial compressor test bed will be used to verify aerodynamic de- 
sign concepts and validate analytic techniques before initiating the design o 
the actual SECT axial compressor. This will set the basis for a logical an 
proven design methodology using advanced design concepts and detailed analyses 
for high performance multistage compressors reflective of year 2000 techno ogy 
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Kfl ikp romnonents of GXistinQ 

The approach taken In this program ^ 1lnprovemcnts performance win 

vanced multistage axial comp • . t the Individual effects of 

r :;r 

low aspect ratio rlt , 0 blad 1ng has been employed to 

::;rr::;:rr - ^ ^ -r;; y r^r-T 

-r: r rs srs — r r - 

P f :iu P a! a ylaMe Candidate In the design of the SECT aria, compressor. 

Earlier analyses on compressors have revealed that loss enoinena Is vital 

secondary flow are substantia, £ that -k^reduce ] n Jal, flow compres- 

for future compressor deslg . /K1a j 0 , nan ratios. This results In 

sors that operate at much higher clearance^ an(J boun( j ar y layer 

more Intense leakage flow t^e are potential gains 

r2 by desensitising the design to. ese melanism. Casing (tip, 

treatment over rotors has \Zl, however, been 

and enhance surge marg n p ... . ncv as it was used purely as 

achieved at the expense of compressor eff * ^ Qf ihe geometry of 

diagnostic confirmation for redesign, y prop circumferential, 

tip treatment (slots versus holes, blade angled slots ver us 

etc.), the : surge margin Improvements can be made with minimal efficiency 

ductlon. 

The multistage test bed Sub’ the 

sweep and end-bends as an e ti i for re duc1ng 3-D shock 

endwal 1 region. Airfoil sweep has achieved by resetting the 

: nr zjz, «««« 

;r irrrrtrrti: . - 

margin potential . 

The results obtained from this program will be accounted for by the i analytical 
model and directly applied to the design of the SECT axial compressor. 
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Radial Compressor Technology Plan 


The proposed technology program for centrifugal compressors are shown in 
Figure 62. A discussion of each program follows. 

Flow Size Effects on Small Centrifugal Compressors 

The main objective of this program is to study low flow sizes — i.e. 0.1 lb/sec 
- 0.5 Ib/sec - to evaluate compressor performance and evolve/verify 
computational techniques directly applicable for the design of the SECT 
centrifugal compressor. 

Based on previous experience, centrifugal compressors in different flow size 
regimes demonstrate performance levels not consistent with Reynolds number 
changes. This can be partly explained by the different configurations not be- 
ing designed to consistent blade thicknesses and running clearances. The ap- 
proach in this program will be to eliminate such inconsistencies by designing 
two sets of hardware encompassing large and small 'flow regimes, testing of both 
sets of hardware with advanced experimental techniques — customized two-spot 
veloclmetry. The derived data base will provide for Improvements in computa- 
tional methods. Testing would Include the effect's of clearance and shroud 
surface finish on compressor performance. The fully Instrumented rig allows 
investigation of the entire flow field and nonscalability effects on perform- 
ance to be included in the development of analytical models. This will be the 
key to Improved performance potential in centrifugal compressors in both large 
and small flow sizes. 


Reynolds Number Effect on Small Centrifugal Compressor Performance 

The objective of this program is to evaluate pure Reynolds number effect on 
small flow size compressors consistent with the flow size study. This can be 
easily conducted as a continuation of the previous program. 

The approach is to quantify Reynolds number effects on small size hardware from 
flow size scale study by adapting Inlet ram capability to Identify the re- 
sulting changes- -in loss mechanisms. Based upon the data, the necessary modifi- 


•• rr,, irr;r.:»“ .T.r..:»<.. 

hardware determined. Testing win De tu.m 

in ail nw the DroDer assessment of Reynolds number 

=S::-rr= 

compressors, but centrifugal compressor design in genera . 
im pflHwr Leading Edge Bi.de Shape on Cemrjlug;^^ 

~ 

edges has revealed improvements ^ ^ £5 Z contain 

axial compressors, velocity contro e a objective in this pro- 

shock structures, enhancing performance potential. Th * °T* on 

g ra m „ to investigate the possibility of improved range and efficiency 

small compressors by incorporating advance design concepts. 

The approach would be to design - 

peller and advanced Impeller o equ , Improved instrumentation 

benefits of leading edge sweep and con oured ba * . ^ t0 

and experimental techniques-advanced laser v pc - ^ ^ 

calculate and understand the complex flow e w benefits 

elusion of these concepts in analytical/computational models 

realized from leading edge and Impeller blade shapes may * ^ 
design of high performance centrifugal compressors requiring Improved rang 

and efficiency. 

r - Pawaaoe Contouring .o MmeroyedCe nirifuq.l Compre ssor 
Performance and Clearan ce Tolerance - 

The design of centrifugal passages has been awis^etrlw and s ^ of revo 
iution Since small size compressor performance is substantially affected 

fh obiective is to employ centrifugal passages of non- 
running clearance. t e C V ^, ut , o ; to whence efficiency and reduce 
av i s vtnrnG try <ind nonsurf&CGs of - . i n(1 

clearance sensitivity. Jhis would involve the development of supp 
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analytical capability to design geometries and verification through experi- 
mental evaluation. Any potential payoff associated with determining the opti- 
mum controur of these surfaces would bridge the gap in performance (in small 
compressors) and result in improved analytical/predictive techniques for the 
design of centrifugal compressors. 

Advanced Diffuser System 


The flow characteristics of the entrance region of the centrifugal compressor 
Is of vital Importance to the overall performance and stability at design and 
off-design speeds. The flow is highly sheared and viscous and enters the dif- 
fuser leading edge with uneven pressure and temperature gradients. In spite 
of this complex 3-D flow phenomena, the design of radial diffusers has been 
2-D wedge-shaped vanes with no consideration given to the nonuniformities. 
Since the selection of diffuser throat area — by accounting for aerodynamic 
blockage due to the presence of boundary layers — and leading edge incidence 
determines high speed flow capacity and slow speed stability, respectively, 
potential benefits In the design of 3-D vanes were customized for the inlet 
flow conditions. The Incorporation of bleed/blow capability for performance 
enhancement, as evidenced In the improvements in range/flow regulation of 
higher pressure ratio Impellers by the Allison patented system of Inducer 
bleed, may be a desirable feature. 

The approach in this program Involves thorough investigation of the vaneless 
space/diffuser entry region of a design, Including features such as 3-D vanes 
and bleed/blow capability to quantify any potential payoffs. The data obtained 
by using advanced laser velocimetry would create the data base for comparisons 
against similar conventional diffuser designs, give a better understanding of 
the flow phenomena, and qualify emloying advanced design techniques. This 
program would set the basis for the design of centrifugal compression systems 
with good slow speed flow/efficiency lapse rates without requiring the attend- 
ant compromises in design performance. 

Verification of Small Compressor Technology 

The SECT compressor technology plan has been conceived as a systematic means 
of elevating the performance levels of small engine compressors as has been 


s ho*n in Figures 61 and 62. The knowledge acquired from the compressor tech- 
nology programs will he used to design and fabricate the SECT nonconcentric 
compressor. This program will experimentally verify the design echniques d 
goals of the program. In sugary, the outcome of this program « u 

the evolution of an advanced and viable design methodology for high perfo - 
mance compressors satisfying the requirements of year 2000s- technology. 

COMPUTATIONAL FLUID MECHANICS 

The flow in small gas turbine engine compressors and turbines is d ° ra1 " a ‘ ed b * 
performance limiting 3-0 viscous flow phenomena. Those phenomena Includj P- 
idly growing endwall boundary layers, secondary flows driven by strong cross- 
stream pressure gradients, and significant tip/leakage flows. In low aspect 

, .l flow features occupy 4 significant portion of 
ratio axial turbomachines, these flow features occupy y 

the airfoil span and. therefore, account for a major part of the overall 
pressure loss in these machines. In high pressure ratio centrifugal compres- 
sors. performance can be further reduced by separated flow in the exducer. 

in addition to the concern over the viscous flow phenomena and the impact on 
performance, there has emerged over the last few years considerable 1 "*>"’* 
and concern about the unsteady flow interaction between rotating and sta y 

‘ blade rows and its effect on the time mean aerodynamic and thermal characteris- 
tics. These’ unsteady phenomena Include potential flow interactions giving rue 
to significant pressure fluctuations on the airfoil surfaces and viscous inter- 
actions resulting from the downstream row cutting the wakes shed from the up- 
stream row. Experimental studies have shown that these time unsteady vane 
blade interaction effects are large and the resulting time mean aerodynamic 
and heat transfer characteristics are considerably different from those of iso- 
lated vane and blade rows. In small turbomachines, it is likely that these 
interactive effects are magnified because of the increased importance of end- 

wall viscous flow phenomena. 


Proposed Advanced Techn ology Effort 

A series of three advanced technology programs that address the development 
and qualification of improved flow models for small compressors and turbsnes 
is proposed. These programs are directed at the development of analyses 
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capability to predict important 3-D viscous and unsteady flow phenomena. The 
proposed programs shown in Figure 63 are as follows: 

o 3-D Viscous Centrifugal Compressor Analysis 
o 3-D Viscous Axial Turbomachinery Analysis 
o 3-D Viscous Unsteady Stage Analysis 

All of these programs involve extensions of proven techniques Incorporated into 
existing turbomachinery flow models developed at Allison. Details of each of 
these programs are given in the following subsections. 

3-D Viscous Centrifugal Compressor Analysis 


The impeller analysis to be developed under this program will be based on Alli- 
son's 3-D viscous flow model. This code, currently operational for a variety 
of applications, incorporates a partially parabolic Navier-Stokes (N-S) solver 
that neglects streamwise diffusion in the primary flow direction. This solver 
employs finite volume procedures to integrate the parabolic N-S equations writ- 
ten in arbitrary curvilinear coordinates. A solution is achieved using a mul- 
tiple-pass forward-marching integration scheme coupled with a pressure correc- 
tion procedure to enforce local and global mass conservation. Turbulence is 
modeled using the two-equation K-e model. * 

Results for a radial impeller tested by Eckardt, Figures 64 and 65, demonstrate 
the current capability for modeling impeller flows. Figure 64 presents a sche- 
matic representation of the blade-Conforming sheared coordinate system employed 
in the computations. A coordinate stretching procedure was used to cluster 
points in the high gradient near-wall and blade-tip regions. Comparison of 
experimental and computed primary velocity components on a series of cross- 
stream planes in the exducer are presented tn Figure 65. Good qualitative 
agreement is shown' between the results on all planes. Clearly shown Is the 
formation of the jet and wake structure characteristic of impeller flows. The 
wake results from a vortex formed by the blade tip leakage flows. 
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The proposed development effort will concentrate on extending the current Im- 
peller analysis to treat high pressure ratio machines. Specifically, the tasks 
to be performed are as follows: 

o add splitter modeling capability 
o modify numerical scheme to treat transonic flows 

The splitters will be modeled using the same procedures currently In place for 
treating the primary Impeller blades. The same primary blade tip gap model 
based on clustering grid points In that region will also be Incorporated with 
the splitter blade model. For ease of enforcing the splitter blade surface 
boundary conditions, the grid will be made to conform to the splitter blade 

surface. 

The planned approach to treating transonic flows will Involve Investigating 
both locally elliptic and globally elliptic procedures In combination with or 
In place of the current partially parabolic scheme. Such elliptic procedures 
are required to model supersonic entrance region flows near the tip section of 

Impellers. 

. - \ 

3-D Viscous Axial Turbomachinery Analysis 

* ' 

This analysis will build on an extensive background In time-marching Euler/ 
Navier-Stokes solvers and advanced body-conforming grid systems. Specifically, 
this analysis will Incorporate a 3-D 0-type grid, shown in Figure 66, and a . 
rapid, robust, second-order accurate hopscotch algorithm. This grid system and 
numerical scheme are presently Incorporated Into the Allison 3-D Euler code, 
which has been extensively tested for axial flow turbine rotors and stators. 

Predicted airfoil surface Mach number distributions from the Euler code for a 
flared endwall rectilinear cascade are presented In Figures 67 and 68 for 8.28* 
and 48. 9X span, respectively, where spanwlse distance Is measured from the 
flared endwall. Also presented In these figures for comparison are the experi- 
mental data and results from the Denton code. 

The work under this program will center on modifying the 0-type grid generator 
to cluster mesh points near the high-gradient near-wall regions, modifying the 
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hopscotch scheme for N-S calculations and implementing a suitable turbulence 
model. The required grid packing scheme will redistribute points after a uni- 
formly spaced grid has been generated. The changes to the hopscotch algorithm 
to treat the N-S equations have already been programmed and tested in an Alli- 
son-developed 2-D nozzle code. These modifications have been tested in combi- 
nation with the two equation K-c turbulence model to analyze 2-D vectored and 
thrust-reversing nozzle configurations. Results from those tests, reported in 
a recent AIAA paper (Ref 4), show excellent agreement with experimental mea- 
surements. 

3-D Viscous Unsteady Stage Analysis 

The 3-D stage analysis effort will draw on efforts from the 3-D Viscous Axial 
Turbomachinery Analysis program and the Air Force Vane-Blade Interaction (VBI) 
program. The final produce will be a full 3-D viscous unsteady stage analysis 
with the capability to predict all viscous and transient flow phenomena in an 
axial turbine stage. 

4 

The techniques required to couple the vane and blade row solutions are being 
developed under the Air Force VBI for a 2-D blade-to-blade flow model. The 
development efforts are broken down as follows: - 

4 

o grid modifications 

o radiation boundary condition implementation 
o phase-lagged periodic boundary point treatment 
o vane and blade row coupling procedures 

The proposed 0-type grid system, shown in Figure 69, Incorporates an end cap 
to allow for specification of a single axial location for the inflow and out- 
flow boundary points and the point density along the boundaries. The grid gen- 
eration scheme incorporates techniques to allow for user control over the field 
point dl stribution. 

Radiation boundary conditions along the stage Inflow and outflow boundaries 
and required to allow radiating waves to pass through the boundaries without 
reflection. Tbe boundary point calculations will be based on a Riemann invari- 
ant method of characteristics currently Incorporated in the VBI analysis. 
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To treat vane-blade interacting flows with unequal numbers of airfoils in each 
row, special procedures are needed to calculate the spatially periodic boundary 
points. With unequal numbers of vanes and blades, the flow along these bound- 
aries is time periodic but not spatially periodic. A scheme to treat these 
boundaries has been devised under the VBI program and will be implemented into 
the 3-D stage analysis. 

The most difficult task, for the stage analysis is the formulation of procedures 
to couple the vane and blade row solutions. The proposed scheme will be based 
on the overlapped grid arrangement shown in Figure 69 and will involve inter- 
polating field data from one blade row solution to establish boundary data for 
the other solution. * 

COMBUSTOR TECHNOLOGY PLAN 

Depending on the selected engine configuration, an annular or can combustor 
could be used for the proposed application. The nonconcentric engine with high 
cycle pressure ratio (30), high combustor discharge temperature (approximately 
3000 # F), and low combustor inlet correction flow (0.2 lb/sec) poses a number 
of combustion technical challenges, including the following: 

o combustion system durability 
o combustor exhaust temperature quality 
o wider fuel turndown ratio 
o idle combustion efficiency 
o exhaust smoke characteristics 

o ignition and lean flame stability characteristics 
o nozzle and liner carboning 

Combustion system durability characteristics are’ severely affected due to low 
corrected flow rate, high inlet air pressure and temperature levels, and high 
burner temperature rise. Innovative cooling designs need to be developed for 
annular combustors to simultaneously satisfy both life and DOC design objec- 
tives. 

To facilitate the use of- uncooled ceramics for gasifier vanes, burner outlet 
radial profile should be controlled and circumferential pattern factor reduced 
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to 0.12. This along with high temperature rise places exacting design require- 
ments on obtaining an optimum combustor/injector system. 

The required fuel injection system needs to operate over a much wider fuel 
turndown ratio and should give better spray quality than current injectors to 
obtain high idle efficiency. 

The proposed engine will operate over a wide range of combustor airflow and 
fuel flow conditions requiring Improvements in Ignition and flame stability 
characteristics. In addition, the burner fuel-air mixing should be enhanced 
to minimize exhaust smoke emissions. 

Better combustor design techniques should be evolved In order to achieve an 
optimum combustion system with minimum hardware modifications and test Itera- 
tions. 

Proposed Advanced Technology 

4 

The following technology programs are proposed for the SECT application with 
the overall schedule shown In Figure 70: 

1. durability enhancement , 

2. low-cost advanced design atomizer 

3. low smoke research 

4. prechamber combustor research 

5. analytical model development 

Combustion system durability can be Improved In a number of ways. Combustor 
heat Intensity should be Increased with attendant reduction in the required 
combustion volume and liner surface area. Radiation and convective heat load- 
ing on the liner walls can be reduced by Improving fuel-air mixing and achiev- 
ing velocity distribution that minimizes the cooling film mixing rate with the 
main combustion air. 

A number of cooling schemes can be analytically evaluated to select the most 
promising concepts for further investigation. The candidate cooling schemes 
Include stacked or machined rings (baseline), Lamilloy, effusion, impingement/ 
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convection, and composite matrix. Nonmetallic materials including monolithic 
ceramics (silicon nitride and silicon carbide) and ceramic composites should 
also be Included In this initial investigation to select the most promising 
schemes. Identify the technology gaps, and prepare a test plan. 

Comparison between the various cooling schemes should be made In simulated 
combustor rigs where control can be exercised over hot-side and cold-side 
boundary conditions. The rig data will be used for model validation and 
evolution of advanced liner cooling design methodology. 

The main objectives of the proposed low cost advanced atomizer program are to 
improve atomization quality and start performance, solve the gumming and 
plugging problems associated with small Injectors, and develop low cost design 
concepts. Based on an In-depth review of available fuel Injection design con- 
cepts, Including airblast, injectors with oval spray, spill-return atomizers, 
and alternate injection schemes, selection can be made of the most promising 
design concepts for preliminary design and bench scale testing. These models 
can be upgraded and should be used for detailed analysis of the best selected 
configuration. 

The empirical data base should be used along with analytical models to design 
.an optimum combustor/injector system that addresses the main design and prob-> 
lems of small high temperature rise combustors. 

The allowable smoke emission levels of small propulsion engines have been high 
compared to large engines due to small exhaust plume with attendant high 
threshold of visible smoke. Many of the low smoke reduction techniques used 
In large engines are not directly applicable to small engines. A technology 
program is therefore proposed to further reduce exhaust smoke emissions of 
small engines. Innovative combustor Internal aerothermal design features will 
be Investigated using analytical models complimented by bench scale testing. 
Conflicting design requirements of low smoke, high combustion intensity (with 
attendant effect on durability), lean flame stability, altitude relight, and 
burner exit temperature quality will be addressed in the proposed program. 

Allison has successfully developed small helicopter combustion systems where 
prechamber designs are used to solve the conflicting design requirements of 
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high fuel turndown ratio, high Idle efficiency, good start characteristics, 
and low smoke. The prechamber design technology needs further improvement for 
application in the proposed advanced helicopter engine. 

■During the last ten years, a number of analytical combustor design procedures 
have been proposed, and these have been successfully used to help design ad- 
vanced combustion concepts. In order to further Improve model prediction ac- 
curacy, significant advances are needed in many areas including numerical 
scheme, physical submodels of turbulence, turbulence/chemistry Interaction, 
spray evaporation/combustion, soot, and radiation. A sustained technical ef- 
fort must be maintained In evaluating and applying analytical models for small 
gas turbine combustors. 

BEARING TECHNOLOGY PLAN 

Bearings in small gas turbine engines have unique problems when compared to 
those In larger engines. Centrifugal force effects have been shown (Ref 2) to 
be relatively more severe in small bearings when DN (diameter of bore in mm x 
speed In rpm) Is kept constant (as In a scaled reduction of a base engine de- 
sign). Bearing heat generation Is likely to be more severe. In addition, the 
environment temperature Is usually higher In small engines at the same cycle 
temperatures since the bearing Is located closer to the heat source. Normal 
cooling air practices will be less effective. Small engines and airframes are 
affected more by inefficiency such as bearing oil churning/windage losses and 
air/oil cooler drag losses, which prompt use of minimum oil flows and maximum 
acceptable bearing operating temperature. All these conditions tend to reduce 
elastohydrodynami c oil film thickness. This results In lower fatigue life, 
Increased wear, possible separator failure, and lubricant deterioration prob- 
1 ems . 

The small engine bearing also has less tolerance for unforeseen -loads , load 
combinations, and transient operating conditions not normally analyzed or 
evaluated. These conditions Include accelerations, hot starts after shutdown 
and soakback, and abusive engine/aircraft operation. New application and mis- 
sion profiles frequently contain severe operating conditions not considered in 
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the mission mix of the original design/development. The severe operating con- 
ditions cause thermal distress and separator distress that can lead to complete 

and rapid bearing failure. 

In addition to these problems, the small engine is usually expected to carry 
price tag comparable to Us relative weight or power. Hhlle the bearing cost 
may be less due to the lower material volume used, other manufacturing. Inspec- 
tion, and engineering costs do not scale down. 


The key bearing needs are as follows: 


o higher temperature capability 
o higher speed capability 
o improved efficiency 
o increased life potential 
o reduced or equivalent cost 

This program objective -Is to develop a bearing system capable of operating re- 
liably In the high speed, high temperature environment of an advanced small 
gas turbine engine. The goal Is to arrive at a bearing system design that will 
not place constraints on engine design, causing performance to be compromised. 


Proposed Advanced Technology 

Air bearings have already demonstrated their ability to operate under condi- 
tions similar to those expected In ah advanced, small gas turbine engine. 
However, the bearing size that would be required appears to preclude their use 
In supporting thrust loads. For example, an air lubricated bearing to support 
200-300 lb axial load would be about six Inches In diameter. Actual thrust 
loads anticipated could easily be five to ten times that high, nevertheless, 
since radial loading Is normally quite light, the air bearing seems to be a 
viable option for those positions with, radial load only. Moreover, It Is usu- 
ally possible to locate the thrust bearings In the forward part of the engine 
where lower temperatures permit the use of liquid lubricated rolling element 
bearings. The air lubricated radial bearings are required only in the aft hot 
section of the engine. A possible arrangement for the gas generator for such 
an engine Is shown In Figure 71. Remaining goals for an air bearing technology 
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program would be to demonstrate satisfactory durability as well as capacity to 
provide adequate rotor dynamic stability margins during excursions from design 
conditions . 

For the rolling element bearing, a more conventional design approach using ad- 
vanced materials is proposed. In order to reduce the high centrifugal forces 
resulting from high speed, ceramic rolling elements (silicon nitride) will be 
used. The marked difference In physical properties between ceramics and steel 
(see Table XXXII) necessitates some additional design considerations. The 
different thermal expansion characteristics make it extremely difficult to fit 
ceramic inner and outer rings properly to ferrous or other metallic shafts and 
housings. Consequently, it Is expected that ceramics will be confined to the 
rolling elements, and an advanced ferrous material, most likely M-50Ni L, will 
be used for the rings. The difference in elastic properties (modulus of 
elasticity and Poissons ratio) necessitates some changes In raceway contact 
geometry as compared to current all metal bearings. The Improved fracture 
toughness of the M-50N1L will also provide adequate margins against catas- 
trophic failures. In addition, early results (Ref 5) suggest that this 
materials may provide Improved fatigue life as well^ 

- - v 

The proposed materials address the problems of low fatigue life and catas- 
trophic failure of the rolling contact components. These materials also pro- 
vide temperature capability beyond the limits of current, conventional liquid 
lubricants! Another problem to be addressed is that of retainer wear failures. 
Retainer distress is a common failure made In current high speed rol ling, bear- 
ings (over 1 million DN). One of the major factors contributing to this dis- 
tress is the high dynamic forces that result from minor Imbalance. Since It 
is. not possible to balance all retainers perfectly, the next approach would be 
to use a low mass density material. Strides have been made in the development 
of modable polymeric materials that are useable in the 500-600 # F temperature 
range. These materials Include polyether etherketone (PEEK) and poly(amide- 
imide) with glass or carbon fiber reinforcement for strength and stiffness. . 
Injection molded cages of engineered polymeric materials have been in use in 
ball and roller bearings for more conventional applications for two decades. 

The most commonly used material has been glass-fiber-reinforced nylon 6/6, 
which is suitable for temperatures below 300*F. Within this temperature limit, 
such cages have demonstrated superiority over conventional steel cages under 
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TABLE XXXII 

SELECTED PHYSICAL AND THERMAL PROPERTIES OF SILICON NITRIDE AND M50 STEEL (REF.II) 


PROPERTY 

HARDNESS, Rc AT 20°C 
MAXIMUM USEFUL TEMPERATURE* 

°C (*F) 

DENSITY, G/CM 3 

ELASTIC MODULES AT 20°C (68°F) 

GPA (10* mPa) 

POISSON’S RATIO 
THERMAL CONDUCTIVITY AT 20°C 
CAL/S M °C 

COEFFICIENT OF THERMAL EXPANSION, 
io'V’C 


SILICON NITRIDE 

M50 STEEL 

78 

64 

1200 (2192) 

320 (61) 

3.2 

7.6 

310 (45) 

190 (28) 

0.26 

0.28 

7.3 

13.4 

2.9 

12.3 


* MAXIMUM OPERATING TEMPERATURE WHEN USED FOR ROLLING BEARINGS BASED ON 
A MINIMUM HOT HARDNESS OF R c 57 AFTER LONG-TERM SOAKING AT TEMPERATURE, 
COMPARED TO A MAXIMUM TEMPERATURE OF 180 8 C (356°F) FOR 52100 STEEL 

TE86-4887 


conditions of significant misalignment and Interrupted lubrication. This 
superiority Is attributed to the greater flexibility of the polymeric and its 
porosity, which allows It to absorb liquid lubricant for later release when 
the primary supply is cut off. These proven characteristics, together with 
the higher temperature capability of the advanced materials, are worthy of In- 
vestigation for their applicability to small turbine engine bearings. 

The remaining area of concern to be addressed Is that of lubrication of the 
rolling element bearings for extended periods of time at high speed and high 
temperature. Because of the design philosophy, the operating temperatures can 
be kept within the capabilities of current or advanced liquid lubricants (Ref 
6). However, some work will still be required to accommodate specific proper- 
ties of the advanced fluids and to establish optimum design criteria for the 
bearing components, with respect to the lubricant and method of application. 

Approach/Technology Plan 

Since the proposed approach to advanced small engine design involves air bear- 
ings for radial loads in the hot section and rolling element bearings for thrust 
loads In the cold section, the technology plan will be discussed in two parts. 
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Air Bearings 


This portion of the program will be undertaken with an outside partner, such 
as Mechanical Technology Incorporated, Latham, New York. Several bearing de- 
signs will be analyzed with consideration given to system rotor dynamics char- 
acteristics as well as bearing performance. After several Iterations, during 
which engine operating conditions as well as bearing design will be refined, 
one configuration will be selected for rig testing. Subsequent to rig testing, 
a final design will be prepared and fabricated for testing in an engine. The 
time table for this program is shown In Figure 72. 

Rolling Element Bearings 

The rolling element bearing program Is to be conducted primarily in-house, al- 
though outside consultation on materials Is anticipated along with vendor co- 
ordination for purchased items. The elements of the plan are shown in Figure 
73. 

The program will begin with Indepth research to determine the most promising 
materials to be used. Extensive computer analysis will be done Including full 
dynamic analysis using ADORE (Ref 2) and finite element analysis of cage de- 
signs using an in-house developed technique, as well as older programs such as 
SHABERTH (Ref 7). Many ideas and concepts can be tested by making minor modi- 
fications to existing bearings. It is proposed that test rig design and pro- 
curement begin early, so that development testing can be performed on such 
bearings in a timely manner. It is expected that lubrication techniques 
necessary for the high speeds encountered will be for the most part empirically 
determined during this stage. Goals will be to optimize lubrication, cooling, 
and power loss. Pertinent bearing parameters evolved for the rolling element 
bearings will be used in the system rotor dynamics studies mentioned for air 
bearings. A final prototype bearing design will be fabricated for. further 
performance testing in the rig under a full spectrum of simulated operating 
conditions. Improvements discovered in this test series will be Incorporated 
In a final design that will be procured for performance testing in an engine, 
along with the air bearings. Longer term endurance testing will be performed 
in the rig rather than in an engine. 
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Summary 


The particular problems associated with advanced, small gas turbine engine 
bearings are high temperature and high dynamic forces leading to short life, 
cage distress, catastrophic failure, and excessive power loss. Advanced con- 
cepts to mitigate these problems were reviewed against the background of cur- 
rent practice. The most promising approach for future small engine bearing 
systems was suggested to be air bearings for radial loads positioned in the 
hot section of the engine and liquid lubricated rolling element bearings for 
axial loads located in the cold section. A four year program, consisting of 
design analysis, rig testing and engine testing, to sort out remaining needs, 
was proposed. Completion of the proposed program should result in a proven 
bearing system for small gas turbine engines that will be useful into the next 

century. 
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VII. CONCLUSIONS 


This study was conducted to provide identification of the high payoff tech- 
nologies for future small gas turbine engines and to provide a plan to make 
these technologies available by the year 2000. These objectives were accomp- 
lished, and conclusions regarding the study results are as follows: 

1. Engine design— The nonconcentrlc engine configuration provided the great- 
est reduction in direct operating cost for the commercial tilt-rotor air- 
craft mission under study. This general arrangement is a result of 
studies to produce the optimum reduction In direct operating cost for 
the advanced simple cycle engine. This configuration has a turbine in- 
let temperature of 1538°C (2800 # F) and a 30:1 overall pressure ratio. 

The nonconcentrlc engine configuration achieves a 30X reduction in fuel 
burned while reducing direct operating cost by 16. 5X. 

2. Key technologies— The five technology areas that require research to be 
Incorporated in the year 2000 small gas turbine engine are ceramics, 
compressors, combustors, turbines, and bearings. In addition, improve- 
ments In computational fluid mechanics are essential to analyze the flow 
phenomena in small turbomachinery components. Because of the high risk 
nature of these programs, Government sponsorship of these component tech- 
nology programs Is needed. Hithout the research effort, it is unlikely 
the U.S. can remain competitive In the worldwide small gas turbine engine 
market. 
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APPENDIX A - SYMBOLS AND ACRONYMS 


AP/P 

total pressure drop 

AT 

temperature rises 

e 

regenerator effectiveness 

o 

open area fraction 

Y 

density ratio Q/P * 

$/shp 

engine OEM cost per shaft horsepower 

A/C 

aircraft 

AEO 

all engines operative 

AN 2 

annulus area x rotational speed squared 

APU 

auxiliary power unit 1 

ATA 

Airline Transport Association 

B 

surface area/unit volume 

B 

surface-area-to-volume ratio 

BMAS 

barium magnesium aluminosilicate 

BOT 

burner outlet temperature 

BRG 

bearing ■ 

^am 

cost per airplane nautical mile 

CDT 

compressor discharge temperature 

CGW 

Corning Glass Works 

CPU 

central processing unit 

CVD 

chemical vapor disposition 

D 

mission range or stage length in nautical mill 

DARPA 

Defense Advanced Research Projects Agency 


hydraulic diameter 

DN * 

diameter of bearing bore in mm x speed in rpm 

DOC 

direct operating cost 

DOC* 

reference or baseline DOC level 

E 

effectiveness 

EMS 

engine monitoring system 

f 

Fanning friction factor 

FAR 

federal air regulation 

Fb 

block fuel 

F C1 

fuel to climb to cruise altitude 

F ar 

fuel consumed at cruise altitude and velocity 
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APPENDIX A - SYMBOLS AND ACRONYMS (cont) 


F gm 

fpm 

fps 

F v 

GATE 

GH 

HE 

hp 

HP 

IRP 

ISA 

J 

KEAS 

KTAS 

L 

LAS 

LDV 

LE 

LER 

LeRC 

LER/C 

MDN 

N 

NDE 

NDS 

N-S 

nml 

ODS 

OEI 

OEM 

PEEK 

PSZ 

R c 

Re 

RIT 


ground maneuver fuel 
feet per minute 
feet per second 

fuel required for vertical takeoff and landing allowances 
General Aviation Turbine Engine 
gross weight 

maximum engine envelope height 

horsepower 

high pressure 

Intermediate rated power 

international standard atmosphere 

Colburn heat transfer factor 

knots equivalent air speed 

knots true air speed 

absolute leakage 

lithium aluminosilicate 

laser Doppler velocimeter 

maximum engine envelope length 

leading edge radius 

Lewis Research Center 

leading edge radi us/chord 

million diameter of bore (m/m) speed-rpm 

di sk speed, rpm 

nondestructive evaluation 

nitride dispersed stainless steel 

Navier-Stokes 

nautical mile 

oxide dispersioned strengthened 
one engine inoperative 
original equipment manufacturer 
polyether etherketone 
partially stabilized zirconia 
compression ratio 
turbine expansion ratio 
rotor inlet temperature 
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APPENDIX a - SYMBOLS AND ACRONYMS (cont) 


Ro/A 
R of C 


Si 3 N 4 


^gm 

^max 

T v 

TOGW 


UTRC . 


overall pressure ratio 

rate of climb 

return on investment 

rapid solidication technology 

wall thickness 

specific fuel consumption 

shaft horsepower 

silicon carbide 

silicon nitride 

sea level static 

sea level static standard day 

state-of-the-art 
specific power 
block time 
thickness chord 
time to climb 

time at cruise altitude and velocity 
flight time 

ground maneuver time in hours 
. maximum surface temperature 

vertical takeoff and landing time 
takeoff gross weight 
‘ unity engine size 

United Technology Research Center 

block' speed 

Vane-Blade Interaction 
disk thickness 
airflow rate 
engine wei ght 
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Figure 1. SECT mission analysis procedure. 
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Figure 2. Reference tilt-rotor mission profile. 
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of reference tilt-rotor aircraft. 
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Figure 4; Approximate fusilage layout — eight passengers. 
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Figure 6. SECT baseline tilt-rotor lower power requirements 

(helicopter mode). 
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Figure 7. SECT baseline tilt-rotor cruise power requirements 

(10,000 ft airplane mode). 
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Figure 8. SECT baseline tilt-rotor cruise power requirements 

(20,000 ft airplane mode). 
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Figure 13. Comparison of SECT goal efficiency level with current 
axial flow turbine stage efficiency. 
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Figure 14. Current technology and SECT goal radial turbine performance. 
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• HIGHER CYCLE PRESSURE RATIO AND TEMPERATURE 

• HIGHER THERMAL EFFICIENCY 



Figure 15. Wave rotor engine cycle. 
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Figure 16. Wave rotor for gas turbine application. 
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Figure 17. Cycle optimization flow chart. 
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Figure 18. Concentric engine cycle optimization SFC versus 

specific power. 
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Figure, 27. Annular arrangement of two-pass cross-counterflow 

plate-fin recuperators. 
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Figure 36. DOC versus regenerative effectiveness of regenerative engines 
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Figure 38. Wave rotor engine cycle optimi zation— SFC 
versus specific power. 
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Figure 39. Wave rotor engine cycle optimization. 
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Figure 40. Possible schematic arrangement of comprex engine. 
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Figure 42. Compressor technology. 
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Figure 43. Fuel burned comparison. 
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Figure 44. TOGW comparison. 
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Figure 45. Aircraft acquisition cost comparison. 
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Figure 48. Nonconcentric engine sensitivity results. 
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Figure 49. DOC sensitivity to fuel cost and utilization levels 

(nonconcentric engine). 



Figure 50. Ceramic HPT rotor program schedule. 
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Figure 51. Flexual strength of candidate monolithic ceramic materials. 
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Figure 52. Comparison of SECT goal efficiency level with current axial 

flow turbine stage efficiency. 
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Figure 54. Small axial flow power turbine loss reductions required 

to meet SECT goal efficiency. 
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Figure 55. Schedule of axial turbine key technology programs. 
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Figure 56. Current technology and SECT goal radial turbine performance. 
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Figure 57. Small radial turbine loss breakdown. 
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Figure 60. Efficiency improvement in small compressors. 
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Figure 61. SECT - axial compressor technology roadmap. 
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YEAR FROM GO AHEAD 

• EXTENDED NASA 
SCALE STUDY 

• REYNOLDS NUMBER 
EFFECT ON SMALL-SIZE’ 
COMPRESSOR 

• IMPELLER BLADE 
CONTOUR PROGRAM 

• PASSAGE CONTOUR 
PROGRAM 

• DIFFUSER ENHANCEMENT 
PROGRAM 

• SECT DESIGN 
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Figure 62. SECT - centrifugal compressor technology roadmap. 
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• 3-D VISCOUS RADIAL 
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Figure 63. Schedule for computational fluid mechanics programs. ! 
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Figure 65. Comparison of calculated and measured primary velocity 
components at planes III through V for Eckardt. 
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Figure 66. 3-D grid system. 
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Figure 67. Calculated and experimental blade surface Mach numbers 
distributions for the flared endwall cascade at 8.28% span, 

M 2 - 1.2, 1 - -10 deg. 
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Figure 68 ; Calculated and experimental blade surface Mach numbers 
distribution for the flared endwall cascade at 48.9% span 

H£ = 1 .2, 1 - -10 deg. 



Figure 69. Overlapped grid system. 
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OBJECTIVES: TECHNOLOGY DEMONSTRATION FOR: 

• IMPROVED DURABILITY 

• LOW PATTERN FACTOR ( 0.12) 

• LOW-SMOKE, NO CARBON DEPOSITIONS 


PROGRAM YEAR 
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2 

3 

4 

5 

1. ADVANCED FUEL INJECTORS 

2. ADVANCED COOLING SCHEMES 

3. IMPROVED COMBUSTION SYSTEM 

TOTAL PROGRAM 
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Figure 70. Small combustor technology plan. 
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